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indicating weak interactions. Re-baselining toluene (blue) steps in between polymer steps 
are unlabeled.              213 
6-5 Investigation of Silicon-Polymer Interactions with Stand-alone Operation of the 
Microring Resonator Platform. Unfunctionalized/untreated chip surface, with the flow (0.1 
mL/min) of alternating blank solvent (toluene) and 1 mg/mL polymer solutions (100% 
PMMA and 82% PMMA-PS). The observations are annotated on the figure itself where 
“binding” means a Langmuir binding profile is observed indicating polymer retention, the 
toluene steps following previous binding step are labeled either “retention” for strong 
interactions or “loss” for weak interactions.           214 
6-6 On-line Experiment with Untreated Chip and No Column in Order to Best Mimic 
the Stand-alone Experiments. (A) Raw gradient traces obtained from microring 
resonators. The method used was a 100:0 Toluene:THF to 50:50 Toluene:THF gradient, 
where the initial hold of the gradient was run at a 0.1 mL/min flow rate to allow for 
adequate adsorption time and the remaining method was run at 0.4 mL/min. (B) The 
microring resonators and ELSD were connected in series, therefore any polymer that was 
adsorbed at the chip surface should be released and observed with ELSD detection. (C) 
Zooming in on the ELSD chromatogram shows a very small peak for the 100% PMMA 
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injection however no indication of this mass at the microring surface is observed in (A). 
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6-7 “Pre-Loading” PMMA on Untreated Chip in Off-line Experiment Followed by a 
Solvent Gradient Delivered by the LC. (A) Mimicking the conditions from Figure 5, in 
stand-alone operation PMMA was pre-adsorbed/pre-loaded onto the unfunctionalized 
microring chip before running a solvent gradient. (B) Following the pre-loading 
experiment, the microring resonator flow cell was connected to the LC which delivered a 
toluene to THF gradient. (C) The microring resonators and ELSD were connected in 
series, therefore any polymer that was released from the chip surface should be observed 
detection by ELSD.              216 
6-8 Investigation of Oxidized Silicon Surface-Polymer Interactions with Stand-alone 
Operation of the Microring Resonator Platform (A) Piranha treated chip surface, with the 
flow (0.1 mL/min) of weak/blank solvent (toluene), various 1 mg/mL polymer solutions 
(14% PMMA-PS, 54% PMMA-PS, and 82% PMMA-PS), and strong solvent (50:50 
Toluene:THF) for surface regeneration. (B) Oxygen plasma treated chip surface, with the 
same flow conditions as (A). Presented traces are zoomed in for optimal visualization. 
Off-sets are observed in the baseline in these experiments when polymer is held at the 
chip surface and following the flow of a strong solvent the baseline is re-established. 
Approximate shifts are annotated on the figure along with a dashed line to serve as a 
guide for the eye to observe these off-set changes in the baseline.      217 
6-9 Persistent Precipitation Dissolution Method Challenges, On-line Experiment Using 
Oxidized Chip and No Column. (A) Raw microring resonator traces showing PMMA peak 
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eluting in the middle of the gradient even though there is no column (1 mg/mL PMMA, 
varied injection volumes). (B) In-line ELSD chromatogram verifying the same occurrence. 
               218 
6-10 On-line Experiment with APTES Functionalized Chip and No Column. (A) Raw 
microring resonator traces showing injection of 31% PS-PMMA (0.1 and 0.05 mg) being 
retained at the chip surface and being released mid cyclohexane–THF gradient.      219 
7-1 Microring Resonator Performance at Nanoliter Flow Rates. Here the microring 
resonators where interfaced with syringe pumps to deliver flow at a 500 nL/min, (A) shows 
a solvent step from water to acetonitrile and (B) shows flow injections of riboflavin of 
varied injection sizes.             239 
7-2 Hyphenation of Size Exclusion Chromatography with Antibody Capture Array 
Experimental Set-up/Flow Path.            240 
7-3 SEC-Microring Resonator Binding Chromatograms. Various immunoglobulins 
prepared at 10 µg/mL in phosphate buffered saline were separated by SEC with a 0.075 
mL/min flow rate of 0.01M phosphate buffered saline. A. Raw binding chromatograms of 
a 10µL injection. B. First derivative transformation of the raw binding chromatograms. C. 
Savitzky–Golay filter smoother applied to the first derivative traces.       241 
7-4 SEC-Microring Resonator Binding Chromatogram Reproducibility from Chip to 
Chip. A. Raw binding chromatograms obtained from three different chips with error bars 
showing ring spread from a single chip. B. Plots the range of the max shifts observed 
across three different chips in a box plot format.          242 
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7-5 Bulk RI Response from the Microring Resonators and Detection by dRI. A. Raw 
SEC chromatograms of 10 µL injections of 0.25 mg/mL immunoglobulin solutions 
(separation performed at 0.075 mL/min flow rate of 0.01M phosphate buffered saline) . B. 
Raw SEC chromatograms of 10 µL injections of 1.0 mg/mL immunoglobulin solutions 
(separation performed at 0.075 mL/min flow rate of 0.01M phosphate buffered saline). C. 
Differential refractive index chromatogram of 10 µL injections of 0.25 mg/mL 
immunoglobulin solutions (separation performed at 0.1 mL/min flow rate of 0.01M 
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7-6 Comparison of SEC Assay and Conventional Flow Assay. A. Conventional flow 
assay of 100 µg/mL immunoglobulin solutions. B. Raw SEC chromatograms of 10 µL 
injections of 10 µg/mL immunoglobulin solutions (separation performed at 0.075 mL/min 
flow rate of 0.01M phosphate buffered saline). C. Overlapping binding profiles for IgA from 
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assay types.               244 
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chromatograms of 10 µg/mL IgG injected at varied volumes (1-10 µL). B. First derivative 
transformation of raw binding chromatograms. C. In-line UV/vis chromatograms 
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Liquid chromatography (LC) methods are powerful techniques for polymer 
characterization. Despite LC being a popular approach for polymer analysis, one 
frequently unmet challenge still persists: quantitatively determining mass concentration 
with conventional solvent gradient detectors. Commonly used gradient compatible high 
performance liquid chromatography (HPLC) detectors include UV/visible (UV/vis), 
charged aerosol (CAD) and evaporative light scattering (ELSD); each of which suffer 
critical limitations. UV/vis requires a chromophore signature for detection, limiting 
applicable analytes. CAD and ELSD offer universal detection, however both suffer from 
a non-linear response to concentration making quantification difficult. This non-linearity 
of CAD and ELSD is highly dependent on several factors including analyte and mobile 
phase composition, which means correction of the non-linear response is not a straight 
forward task. This then points to a demand for an improved universal detector, ideally 
offering gradient compatibility and linear mass detection. This dissertation addresses 
these demands and others by using a silicon photonic microring resonator array as an 
alternative HPLC detector. 
Chapter one provides significant background on conventional polymer LC 
characterization approaches including an overview of distribution types, separation 
methods, and detector operation. Additionally, challenges with conventional detectors are 
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reviewed along with correction approaches to aerosol based non-linear detectors. Finally, 
much attention is brought to the ongoing challenge of quantitatively determining mass 
concentration with conventional solvent gradient detectors and the need for further LC 
detector development to meet such needs.  
Initial experiments demonstrating the use of the microring resonator platform as a 
gel permeation chromatography (GPC) detector are presented in chapter two. Here, the 
microring resonator performance was directly compared to commercial detectors 
including differential refractive index (dRI) and UV/vis. With this comparison elevated 
noise in the microring resonator baseline was observed, on average the signal to noise 
ratio of the microrings is approximately 4 orders of magnitude smaller than UV/vis. 
Additionally, a molecular weight dependence was observed with analysis of large 
molecules which infringed on the dimensions of the evanescent field (sensitivity decay 
was observed at approximately 25 nm from the surface). With these limitations however, 
the microring resonators still offered great correlation to conventional concentration 
sensitive detectors in quantitating the molecular weight distributions of broadly distributed 
polystyrene standards. Furthermore, the linear mass detection capability of the microring 
resonator platform was demonstrated setting the stage for later gradient work. 
Chapter three builds upon chapter two by exploring approaches for improving the 
microring resonator flow cell. In chapter two a molecular weight dependence of the sensor 
surface was observed showing a decreased sensitivity for high molecular weights. Here 
the flow cell was redesigned implementing a wall-jet inlet with the interest of improving 
the mass transfer of large molecular weight polymers to alleviate this signal fall-off. The 
flow cell designs themselves along with a series of chromatogram and peak area 
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comparison are presented throughout this chapter. It was concluded here that the main 
contributing factor of this trend is decreased evanescent field strength, even with 
enhanced mass transfer the microring resonators will likely lack sensitivity for polymers 
with 2Rg (radius of gyration) greater than or equal to 25 nm, which is the approximate 
distance from the sensor surface where there is a deviation from linearity. 
Much like chapter three, chapter four also explores redesigning the microring 
resonator flow cell. However, here with a different interest of high temperature LC 
applications. A significant portion of polymer characterizations in industry is dedicated to 
polyolefins, which are very robust polymers with high resistance to temperature, requiring 
LC separations to be performed at elevated temperatures. The challenge however is that 
detectors compatible to such temperatures are limited, therefore the possibility of the 
microring resonators to be used as an alternative high temperature detector is presented 
here. More specifically, a successful high temperature flow cell design was tested 
however degraded microring resonator sensor performance at these elevated 
temperatures prevented further exploration of this approach.  
Chapter five, continues this work to further characterize more complex polymers 
by chemical composition distributions, where the microrings were used as a gradient LC 
detector. Silicon photonic microring resonators are surface-based optical sensors that 
detect changes in local refractive index (RI). Unlike commercial RI detectors, microring 
resonators have a substantial dynamic range which allows for compatibility with gradient 
elution LC, which is fully demonstrated here. The microring resonator performance as a 
gradient elution detector was directly compared to commercial detectors including ELSD 
and UV/vis, utilizing an injected mass range of 0.15 to 0.75 mg. Over this range the 
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microring resonators and UV/vis had a linear response whereas ELSD had a mostly non-
linear response. This mass range was within the working range of the ELSD calibration 
meaning quantification can still be achieved using the obtained non-linear curves. It is 
suspected that if the ELSD response was explored with injected masses below 0.15 mg 
and above 0.75 mg that a full sigmodal response would be observed, which is ultimately 
where quantification would suffer most. Additionally, with this work it was found that on 
average the microring resonators have a limit of detection (LOD) which is approximately 
5 orders of magnitude greater than the LOD for both UV and ELSD. This however did not 
prevent comparable quantification of mass injected of various components of polymer 
blend samples by the microring resonator platform.  
The microring resonator chip has a silicon surface which can be functionalized 
easily via silanization methods, this was pursued here in chapter six with the interest of 
adding another separation dimension at the chip surface. Various silanes-polymer 
interactions were explored in off-line experiments, as well as oxidized silicon-polymer 
interactions which were eventually translated to chromatography. Challenges with 
polymer solubility and weak interactions prevented this work from seeing completion, 
however the results did motivate a new direction that appears to be fruitful. 
The final chapter summarizes all the work presented in this thesis, including 
discussion on the utility of this LC-microring resonator interface and thoroughly explain 
both the benefits and limitations of the silicon photonic microring resonator arrays as an 
HPLC detector. Research in analytical chemistry, especially with regard to LC, tend to 
focus on the separation side of things rather than the detector side of things, which makes 
this work unique. Additionally in this final chapter potential future directions are outlined 
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along with ongoing work which interfaces size exclusion chromatography with microring 
resonators chips functionalized with antibody captures. 
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Abstract 
One of the biggest challenges with polymer analysis is quantitatively determining 
mass concentration with conventional gradient elution liquid chromatography (LC) 
detectors. An ideal detector for polymer analysis would be a universal gradient compatible 
linear mass detector. UV/visible (UV/vis) detectors come close to meeting these 
requirements, making for a popular choice, however UV/vis requires a chemical signature 
for detection limiting compatible analytes. Therefore, for the solvent gradient separations 
of analytes without a chromophore charged aerosol (CAD) and evaporative light 
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scattering (ELSD) detectors are the best “universal” options. However, CAD and ELSD 
are non-linear in response to concentration which makes quantification difficult. These 
challenges with conventional LC detectors greatly impact analytical sciences both in and 
beyond the polymer industry. The continually ongoing advancements in formulation 
chemistries as well as separation technologies significantly puts strain on the utility of 
existing detectors. In other words, sample complexity is continually increasing overtime, 
therefore analysis by existing technologies are becoming more difficult. This means that 
equal growth in all aspects of analytical chemistry is needed especially on the detector 
side of things. All that being said there is great demand for an improved linear mass 
concentration detector for the advancement of analytical chemistry.  
1. Introduction 
Chemical separations are some of the most important techniques in analytical 
chemistry allowing for the separation, isolation and/or purification of analyte components. 
Liquid chromatographic (LC) separation methods remain as some of the most commonly 
used type of chemical separations, which is true for analytical chemistry in the polymer 
industry as well.1–4 Throughout analytical chemistry history there has been continuing 
advancements in the separation science which persists even today. The same however 
cannot be said about detection technology.5 Therefore, this review will provide an 
overview of polymer analysis using LC methods with much focus on the detection side of 
things.  
As for LC detectors, much focus over the years has been placed on universal 
detection schemes which has led to the development and improvements of aerosol based 
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detectors in more recent years.6,7 Aerosol based detectors include evaporative light 
scattering (ELSD)8–15, charged aerosol (CAD),16–25 condensation nucleation light 
scattering (CNLSD)24,26,27 and chemiluminescent aerosol (CLAD)24 detectors. These 
detectors all offer completive sensitivity to non-volatile analytes while also providing 
universal detection making for an attractive choice over other commercial detectors.24 
The drawback of these aerosol based detectors however, is their limited linear mass 
concentration range, as a result quantitative analysis within the non-linear portions of the 
response is often difficult especially with predicting unknow concentrations. More so, the 
non-linearity of aerosol based detectors is dependent on both mobile phase and analyte 
composition, therefore correcting such a response is non-trivial.1,11,14,15,24,28,29 This brings 
to attention the limitations of more recently developed universal detectors and places 
focus on the need of a gradient compatible universal detector that offers linear mass 
detection capabilities.  
The polymer industry is one field that is significantly craving an improved linear 
mass concentration detector for liquid chromatography methods. Synthetic polymers are 
heavily distributed by at least molecular weight and more complex samples are distributed 
in any of the following distributions as well; chemical composition, microstructure, end-
group, and branching. Characterization of these distributions is very important to polymer 
chemists since one can make a connection between polymer size/structure to polymer 
properties, evaluating future industrial applications.30 The numerous analytical liquid 
chromatography techniques have the versatility to statistically estimate each of the listed 
distributions.2,3 However, very often these LC methods are challenged by the limitations 
of the detectors themselves.1 Many polymer analytes lack chromophores, eliminating the 
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use of UV/visible (UV/vis) detectors6,7, therefore this leaves differential refractive index 
detectors (dRI)31 for isocratic separations and aerosol based detectors for gradient 
separations. However, as mentioned earlier the non-linearity of aerosol based detectors 
and the complexity of linearizing the response for gradient applications challenges 
quantitative analysis which is a major concern for analytical research and development in 
industry. There are of course other analytical techniques such as mass spectrometry32–37 
and various spectroscopy methods38–43 (i.e. NMR and FTIR) that can also characterize 
these distributions as well, however characterization is represented by averages (i.e. 
average chemical composition or average degree of branching). LC methods are typically 
preferred since one obtains a better estimate of actual distributions,44 which further 
motivates the development of new LC detectors.  
Another concern in the LC detector space for polymer analytical chemistry is the 
limited number of high temperature compatible detectors. Polyolefins, including 
polyethylene and polypropylene, are some of the most widely used synthetic polymers. 
The semi-crystalline structure of polyolefins enables a highly resistant polymer to both 
temperature and chemical corrosion. This robust nature of polyolefins along with a range 
of diverse properties makes for an attractive material choice for numerous applications. 
However, these highly resistant properties also make for several challenges with analysis 
through the use of elevated temperatures and harsh solvents.45 For this reason, high 
temperature liquid chromatography (HT-LC)46–50 and thermal gradient interactive 
chromatography (TGIC)51–54 methods are utilized. The problem however, is that these 
design constraints put significant challenges on the existing detector technologies, limiting 
applicable detectors. 
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2. Overview of Polymer Distribution Types 
2.1. Molecular Weight Distributions  
 Linear homopolymers, probably the simplest polymer, is very easy to fully 
characterize. Having a uniform microstructure and single repeat unit leaving only the 
molecular weight (MW) dimension for characterization. However, molecular weight 
distributions (MWD) are useful characterizations even for the most highly distributed 
polymers (i.e. those with multiple distributions). Very often polymer properties are 
reflected with MWD, which is useful for understanding property uniformity or even specific 
achievable properties for future applications. Typically, with MWD statistically based 
averages are calculated to represent the mean MW of a sample. The two most common 
MW averages are number average MW (Mn) and weight average MW (Mw), Mn is a normal 
number average and Mw is a weight average which provides heavier weighting toward 
the higher molecular weight chains in the distribution. Therefore, Mw is always larger than 
Mn, this means Mw is more sensitive to the large MW portion of a sample and Mn is more 
sensitive to the small MW portion. The ratio of Mw/Mn is known as the polydispersity index 
(Đ) and ultimately describes the breadth of the distribution. Mathematically Mn, Mw, and 














where Ni is the number of molecules, Mi is the MW, wi is weight fraction.12,13,14 
Experimentally MWDs are commonly characterized with size exclusion chromatography 
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(SEC) separations, also often termed gel permeation chromatography (GPC) or gel 
filtration chromatography (GFC), and a concertation sensitive detector. 
2.2. Chemical Composition Distributions 
 Copolymers are a class of polymers with two or more monomer repeat units, which 
simply means that copolymers possess a heterogenous chemical composition (CC) 
dimension. Therefore, that means that all copolymers are distributed in at least two 
dimensions, MW and CC. More specifically in this review, chemical composition 
distributions (CCD) refer to the heterogeneity of the polymer backbone.62,64 Given this 
heterogeneity, LC separations employed for CC characterization are typically interactive 
in nature. This means that polymer analytes will bear an affinity for the column stationary 
phase and the strength of these interactions will be dictated by CC. This is very different 
from SEC separations where analytes do not interact with the stationary phase. There 
are various LC methods that can be used, many of which will be discussed in the following 
section.65,66  
2.3. Functionality Distributions  
 Functionality type distributions are characterizations based on the polymer chain’s 
terminal end group functionalities. Such reactive groups include hydroxyl, carboxylic acid, 
amine, thiol, and more. Polymers can be monofunctional, meaning only one end group of 
the polymer chain is functional/reactive, or bifunctional, meaning two end groups of the 
polymer chain are functional. In the case of branched polymers, for example star shaped 
polymers, polyfunctionality is also a possibility. Characterization of end group 
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functionalities, like many other distributions, helps one make connections to polymer 
properties.67 Spectroscopic and mass spectrometry methods are more commonly used 
for end group analysis however LC methods are still possible. Such LC methods separate 
based on the number of terminal groups or the type of end groups, since the presence of 
functional groups will affect how the molecule interacts with the stationary phase. 
Typically LC methods include liquid chromatography at the critical condition (LCCC)67–71, 
two-dimensional LC separations,72 or LC hyphenated with spectroscopic techniques.73  
2.4. Architectural Distributions  
Another way polymers can be distributed is by their architecture, meaning 
branching, microstructure, or tacticity. Branching is mostly self-explanatory, however this 
simply means that there are side chains extending from the linear polymer chain and 
these branched can be distributed in several different parameters. Those of which include 
degree of branching, branch functionality, length of branches and the distance between 
branches. Given this complexity along with the fact that branched polymers will be 
distributed in other dimensions as well makes this class of polymers particularly 
challenging to fully characterize. However understanding branching is important since it 
directly translates to better understanding of crystallinity, glass transition temperature, 
melt rheology and solubility.74 NMR and other spectroscopic techniques are very powerful 
techniques for estimating the average degree of branching,75,76 however LC methods are 
useful for this as well. SEC with triple detection, typically including a light scattering 
detector, viscometry detector, and a concentration sensitive detectors, is also a useful 
method for characterizing degree of branching since this combination allows for the 
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correlation between molar mass and number of branches.77–84 LCCC and interactive 
gradient LC methods have shown to be a viable option as well for separating based on 
degree of branching, as demonstrated by Al Samman et. al., however they did find that 
molecular weight played a role in these separations especially with low molecular weight 
polymers.85 Much like characterization of end group functionality LCCC is a useful method 
for understanding the functionality of branches/number of functional groups including 
those at the terminal ends of the polymer chain.68,70,71 High temperature approaches 
involving temperature gradient and solvent gradient approaches,86,87 as well as a very 
recent study which performed high temperature SEC,88 have all been used for branching 
characterization.  
Microstructure characterization allows for a better understanding of a polymers 
configuration, arrangement or morphology. This is a perfect transition from discussing 
branching since branching is a type of microstructure. Other types of microstructures 
include semi-crystalline and cross-linked which can have varying degrees of crosslinking, 
both of which play a significant role in the properties of the polymer. Approaches for such 
characterizations include gradient elution at critical point of adsorption89 and LCCC 
hyphenated NMR methods41,42. Additionally, the microstructure analysis of polyolefins 
tend to be performed at elevated temperatures due to their high resistance to solvent.52  
A final microstructural parameter to be considered is tacticity. The stereochemistry 
of polymers containing repeat units with chiral centers are either isotactic, syndiotactic or 
atactic. Isotactic means all substituents are on the same side of the polymer 
chain/backbone and tend to be semi-crystalline in nature. Syndiotactic means the 
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orientation of substituents alternate down the backbone in a pattern, this stereochemistry 
leads to crystalline structure. Finally, atactic means the orientation of substituents is 
random which typically describes an amorphous polymer.30 Characterization of tacticity 
with LC methods has been demonstrated with LCCC,90,91 LCCC-NMR,92 and HT-
HPLC.50,93–95  
3. Overview of LC Methods used for Polymer Characterization 
3.1. Size Exclusion Chromatography 
SEC is a hydrodynamic size based separation achieved based on the molecules 
steric interactions, this phenomenon is a thermodynamically driven equilibrium via the 
partition coefficient (KSEC). KSEC is simply the ratio of the average polymer concentration 
occupying pores to the average polymer concentration occupying interstitial space.55,56 
That being said, when performed under ideal conditions, SEC cannot distinguish based 
on branching/molecular architecture or chemical composition.2 Therefore the real utility 
of SEC comes when coupled with a concentration sensitive detector (outlined in Table 1-
1), such as UV/vis or differential refractive index (dRI), since full MWD can be determined 
with a single method.57 Additionally, this technique like most analytical techniques 
requires calibration, in this case narrowly distributed polymers of a range of MW are 
utilized so that a correlation between size and elution volume can be made.  
SEC columns for polymer analysis are commonly cross-linked organic polymer 
packing particles or porous silica particles, where pore size varies greatly for the 
separations on the Dalton (Da) scale all the way up to the megadalton (MDa) scale. SEC 
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column research has been mostly focused on improvements to the existing column 
technologies. This includes the development of mesoporous silica with narrower pores to 
improve resolution at the low MW range.58 As well as, the development of larger pores on 
the 1000 angstrom scale via superficially porous particles. Which has shown substantial 
enhancement for mass transport, resolution, and maintaining integrity of large molecules. 
This is of particular interest since ultrahigh molecular weight polymers tend to be the most 
challenging application of SEC due to risk of shear degradation and/or deformation.59–61 
Other active areas of research include the work of Caltabiano et. al. which investigated 
the use of common reverse phase and hydrophilic interaction (HILIC) columns in SEC 
mode as alternatives to SEC dedicated columns. This is desirable due to cost, abundance 
and ease of equilibration for reverse phase/HILIC columns.62  
Other recent SEC research has focused on implications of mobile phase. 
Conventionally SEC utilizes neat solvents, meaning pure solvents lacking additives, this 
is due to the fact that mixed solvents have shown to cause preferential solvation which 
has the potential to cause more variability in detection. However, Striegel and Sinha et. 
al., have recently demonstrated MW determination of polystyrene (PS) and poly (methyl 
methacrylate) (PMMA) with SEC using mixed solvents, here preferential solvation was 
avoided through use of isorefractive solvent pairing. This work is particularly useful for 
multi-dimensional separations since interactive separations often operate using mixed 
solvents, which means the SEC dimension could be performed with the same mobile 
phase as the other dimension.63 
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All this being said SEC is not a major focus in research today since method 
development is a lot more straight forward compared to interactive LC methods. And 
ultimately SEC as a technique has proven to be very robust and reliable for MWD 
characterization, which cannot always be said of methods of a similar age. In other words, 
traditional SEC is still used as the gold standard method for routine MWD characterization 
by academia and industry labs and this will continue to be the case. However, current 
research has placed significant focus on column improvements and ease of operation 
which has only further improved the utility of SEC separations.  
3.2. Liquid Chromatography at the Critical Conditions 
With separations where analytes interact with the stationary phase, there is an 
observed phenomenon named the critical point of adsorption (CPA). CPA is the transition 
from SEC mode to an interactive/absorption chromatography (IC) mode, where SEC 
mode is a state where analytes are unabsorbed and with IC mode analytes are in an 
absorbed state. Once proper separation conditions are met with solvent composition and 
temperature optimization CPA is achieved. At CPA there is an equilibrium between the 
number of molecules in the two states, meaning there is an equal balance between the 
number of molecules occupying pores of the column and interstitial space. Liquid 
chromatography at the critical condition (LCCC) utilizes this phenomenon as a separation 
method.2 LCCC is an isocratic mode separation typically of a mixed mobile phase, which 
plays a significant role in determining critical conditions along with stationary phase and 
temperature.96 Various approaches have been used to best determine the critical 
conditions, recently however many studies have taken to modeling/simulations for 
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establishing these conditions.97–101 However, once a LCCC method is obtained this 
separation offers MW independent elution, making this a useful technique for 
characterizing distributions other than MW, for example tacticity102 and end group103 
analysis. LCCC is also especially useful for block copolymers, since the CPA of one block 
will not be the same for the other block, which allows for the characterization one block 
independent of the other.96 
3.3. Gradient Elution at Critical Point of Adsorption  
 Gradient elution at critical point of adsorption (GE-CPA) is another type of 
separation that utilizes the CPA phenomenon to achieve separations independent of MW, 
however unlike LCCC GE-CPA is applicable to high MW polymers. Here polymer analytes 
are injected into an absorption promoting solvent and are retained via enthalpy driven 
absorption, eventual elution is observed once CPA is met. Much like LCCC,GE-CPA is 
useful for the characterization of distributions other than MW such as microstructure.89  
3.4. Liquid Adsorption Chromatography 
 One class of interactive chromatography (IC) is liquid adsorption chromatography 
(LAC), which in theory can be performed in either isocratic or gradient conditions. LAC is 
an enthalpy driven separation where separations are achieved based on the interaction 
between polymer analyte and stationary phase. LAC is more commonly run in gradient 
mode since, gradient elution LAC is more applicable to a broader range of applications. 
Therefore, in this case analyte elution is observed once the mobile phases composition 
promotes desorption, which is typically at CPA.89 Where the solvent changes from weak 
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to strong, where weak solvents encourage adsorption and strong solvents encourage 
desorption.65 Commonly this method is used for CC characterization104–106 meaning 
separations are assumed to proceed based on the chemical makeup of the analyte, 
however it is also understood that this separation is also sensitive to MW, end groups, 
and chain tacticity as well. Additionally, high temperature applications of LAC are also 
commonly employed especially for polyolefin characterizations. Typically this consists of 
running a solvent gradients of “harsh” solvents at elevated temperatures (130–180 
oC).47,88,93,107,108  
 This is a very versatile technique since with the right conditions many different 
distribution types can be characterized. There are however challenges with LAC, in 
isocratic mode high MW polymers tend to adsorb irreversibly limiting applications to low 
MW polymers.65 Then with gradient mode LAC there is the challenge of compatible 
detectors, where the most commonly used options are UV, ELSD and CAD. UV detectors 
have limited applications for only polymers with a chromophoric signature. Then ELSD 
and CAD possess a non-linear response in terms of mass, and show strong solvent and 
polymer composition dependencies, making accurate quantification difficult.57,109 
3.5. Liquid Precipitation Chromatography 
Another IC method is liquid precipitation chromatography (LPC), this separation 
mechanism is also run in gradient mode where elution strength is in terms of solubility. 
Therefore, with LPC a polymer is injected into a poor solvent/non-soluble condition 
causing the analyte to precipitate out at the start of the column. As the gradient 
progresses additions of a good solvent is increased and the polymer analyte is eluted 
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once dissolution occurs.110,111 This technique is most useful for MW and CC 
characterization, with previous studies showing applicability to blended samples as well.  
3.6. Temperature Gradient Interaction Chromatography 
Temperature gradient interaction chromatography is an isocratic solvent 
separation with the gradient aspect coming from temperature. Therefore, polymer is 
injected in a temperature that promotes adsorption and the elution strength is increased 
with a temperature gradient rather than a solvent gradient.112 TGIC is sensitive to 
molecular weight and structural polymer chain difference, for the potential 
characterization of CC, chain blocks, end group and tacticity.51–54  
4. Concentration Sensitive HPLC Detectors 
4.1. Ultraviolet/Visible (UV/vis) detector 
 Ultraviolet/visible detection, more commonly known as UV/vis, is one of the earliest 
developed detectors which has evolved from early spectrophotometers dating back to the 
1930s, and impressively UV/vis detection still persists as one of the most wildly used 
detectors. UV/vis offers optical based detection on the principle of molecular absorbance 
spectrometry and Beer’s law, therefore absorbance is linearly proportional to sample 
concentration. Modern UV/vis detectors offer a range of selectable wavelengths and can 
operation at either fixed or variable wavelengths, this is important since sensitivity is 
dependent on the molar absorptivity of an analyte at a particular wavelength. The major 
limitation with UV/vis detections is the non-universality of this technology, where analytes 
lacking a chromophore cannot be analyzed. Finally, with use of UV/vis detectors special 
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attention should be made to the UV-cutoff of mobile phases to minimize background 
signal.113–116 
4.2. Refractive Index (RI) Detector 
 Refractive index (RI) detectors are another class of optical detection, however 
unlike UV/vis, RI offers a universal response. RI detectors work by sensing the RI 
difference between the sample cell and reference cell which contains the mobile phase. 
Therefore, this means sensitivity is dependent on the RI contrast between the polymer 
and solvent. Additionally, this leads to the non-gradient compatibility since the mobile 
phase in the reference flow cell remains the same, and commercial RI detectors lack 
sufficient dynamic range of response to follow the mobile phase changes. This lack of 
dynamic range is ultimately the biggest drawback of RI detectors for gradient applications. 
However, RI based sensors have recently been employed as an alternative to combat 
this drawback therefore the future of RI detection looks promising for obtaining universal 
gradient compatible detection.109,117 On the plus side however RI detectors offer linear 
mass detection, which is due to the refractive index increment which is a proportionality 
factor that relates RI to concentration. In other words, with a change of concentration a 
proportional change in RI will be observed. Other drawbacks to consider include low 
sensitivity, sensitivity to temperature changes and long equilibration times. However 
regardless of these drawbacks, RI continues to be the go to detector for the molecular 
weight distribution characterization of polymers by SEC/GPC. 
4.3. Evaporative Light Scattering Detector (ELSD) 
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 Evaporative light scattering (ELSD) is one type of aerosol based detection, the 
working process of ELSD consists of three parts. First, solvent flow is nebulized by a 
carrier gas creating a stream of droplets. Second the stream of droplets undergo 
desolvation, where volatile mobile phase is evaporated off leaving dried analyte particles. 
Then lastly, a beam of light interrogates the dried analyte particles to produce light that is 
scattered and measured.8,13 ELSD rose in popularity due to the universal nature of 
detection. Some considerations for use of ELSD include mobile phase and analyte 
volatility, and for optimal performance a volatile mobile phase and non-volatile analyte is 
required. Additionally, ELSD drawbacks include limited sensitivity in comparison to 
charged aerosol detection, reproducibility issues and limited linear mass range. In terms 
of reproducibility issues, signal variance has been observed with different solvent 
compositions or even additives. Then lastly the limited linear range leads to a typically 
sigmodal shaped non-linear response curve (illustrated in Figure 1-1) which can 
challenge quantification of unknow analyte concentrations, specifically in the lower and 
upper portions of the calibration.9,10,12,15  
4.4. Charged Aerosol Detector (CAD) 
 Charged aerosol (CAD) is another aerosol based detector and in many ways is 
very similar to ELSD, but offers improved sensitivity and linearity. The working principle 
of CAD is much like ELSD where there is first aerosol formation via nebulization which is 
followed by the evaporation of volatile mobile phase. Next however, the dried analyte 
particles are charged by an ion jet formed from a corona discharge these charged 
particles are then detected/measured by an electrometer. The same volatility 
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considerations as ELSD are at play here as well with CAD. However, in terms of 
drawbacks the main limitation in the non-linearity of CAD response, typically parabolic 
shaped, even though there is some improvement over ELSD (comparison presented in 
Figure 1-1).21,25,118 
4.5. Condensation Nucleation Light Scattering Detector (CNLSD)  
 With the limitations of ELSD in mind, an alternative aerosol based detector was 
developed called condensation nucleation light scattering detector (CNLSD). CNLSD is 
a universal detection method similar to ELSD however lacks popularity. Early steps of the 
CNLSD process functions similarly to ELSD, where the effluent is aerosolized and then 
vaporized leaving behind dried analyte particles. The next step however involves an 
amplification process called condensation nucleation, here saturated vapor is condensed 
onto the dried analyte particles resulting in the growth of these particles. It has been 
reported that particles on the 2-3 nm range can increase to approximately 10 µm size 
droplets. This substantial increase in size greatly contributes to an increased detection 
efficiency, where the signal is either monitoring light scattered like ELSD or outputs a 
count of light pulses which is the typical signal format of commercial condensation particle 
counters. CNLSD may have observed low limits of detection in comparison to ELSD 
however challenges with a non-linear response curve persist although some 
improvements have been reported.24,26,27 
4.6. Chemiluminescent Aerosol Detector (CLAD) 
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 Chemiluminescent aerosol (CLAD) is another approach to aerosol based 
detection. Here the effluent is nebulized, but there is no evaporation step which means 
CLAD is applicable to volatile analytes unlike other aerosol based detectors. Instead, after 
nebulization aerosols are impacted onto a catalyst surface and then undergo 
chemiluminescence before detection by a photodetector.24 
5. Other HPLC Detectors 
5.1. Viscometry Detectors 
 Online viscometry detection is commonly utilized for isocratic detection of synthetic 
polymer and polysaccharides, and although rare, can also be used to study proteins and 
peptides. Typically with viscometry detection one can determine absolute molar mass 
averages/distributions by relying on universal calibration and/or determine degree of long-
chain branching. Types of viscometry detectors include single-capillary viscometer, 
differential viscometer, and three-capillary viscometer. Single-capillary viscometers 
simply use a pressure transducer attached to a capillary, where pressure is measured 
and converted to viscosity. The challenge however with single-capillary viscometers is 
their sensitivity to flow fluctuations which can often cause detection to suffer. Differential 
viscometers are the most commonly used viscometer and works by having flow through 
four capillaries bridged by a differential pressure transducer, the pressure drop across is 
measured and translated into viscosity. Three-capillary viscometers are most commonly 
utilized in high temperature LC instruments, here flow is split where the one path is the 
first and third capillaries and the other path is the second capillary where each path has 
a transducer measuring the pressure.76,119,120 Viscometry detection is commonly 
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employed for branching analysis, one common approach for doing such characterization 
is multi-detector SEC.77,83,87,121 
5.2. Light Scattering (LS) Detectors 
Light scattering (LS) detectors are commonly used for MW determinations by SEC 
since direct measurements of MW can be made without calibration.84,122 Light scattering 
detectors include low-angle light scattering (LALS), right-angle light scattering (RALS), 
two-angle light scattering (TALS) and multi-angle light scattering (MALS). These are static 
light scattering detectors meaning the Rayleigh scattering of the incident laser beam is 
measured at fixed angles, as for LALS this angle is positioned at approximately 0o-7o from 
the incident beam, for RALS scattering is measured at 90o from the incident beam, and 
finally for TALS and MALS scattering is measured at more than one fixed angle. LALS 
offers accurate MW determinations for polymers having radius of gyration less than 150 
nm, however single angle LS cannot provide information on molecular size or radius of 
gyration. Radius of gyration can be determined by MALS.123 These LS detectors are often 
used in triple/multi detector SEC along with viscometry and a concentration sensitive 
detector such as RI or UV/vis.124  
6. Hyphenated Detection Techniques 
6.1. Infrared (IR) Detectors 
 LC-infrared (IR) techniques are often carried out via direct interface between the 
LC system and the Fourier transform infrared spectrometry FTIR flow cell. The IR flow 
cell resembles that of a traditional UV detector. However, like other detectors mobile 
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phase background is of concern, therefore much work has been done to develop solvent 
elimination techniques. Solvent elimination is commonly carried out via nebulization and 
evaporation, similar to methods employed in aerosol based detection schemes.125,126 LC-
IR methods have been often applied to polymer characterization methods to achieve post-
separation structural information of a complex sample.88,127,128 Additionally, LC-IR has 
been often used in high temperature applications which applicable detectors are limited. 
One recent example, Frijns-Bruls et al., has employed a filter-based IR detector for the 
detection of HT-SEC which was used for the characterization of short-chain branching of 
polyolefins. 88,129 
6.2. Mass Spectrometry (MS) Detectors 
The hyphenation of LC and MS is a powerful tool for polymer characterization with 
many advantages. First off LC-MS allows for MW determination of individual molecules 
and compositional elucidation which is especially desirable for polymer characterization. 
On a different note, by using LC-MS instead of MS alone, there is the added advantage 
of deconvoluting MS data by having a separation in-line with MS allowing for easier 
spectra interpretation.33,130 Electrospray ionization (ESI) and matrix assisted laser 
desorption ionization (MALDI) are mass spectrometry techniques commonly hyphenated 
with various LC methods including GPC34,37,131, LAC, LCCC36 and even 2D-LC 
methods.132 ESI-MS is easily interfaceable with SEC, where the eluent is passed through 
the ESI needle to form charged droplets which are dispersed and desolvated for ion 
detection. Gruendling et. al. demonstrated this with SEC-ESI, here they obtained accurate 
MW determinations with ESI-MS and concentration information from RI detection.32 
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MALDI-MS is not as easily interfaceable with LC given that MALDI is a solid state 
technique, however both online and offline techniques have been demonstrated. One 
particular challenge associated with MS detection of polymers is the accessible range of 
polymer MW which is ionizable, MALDI ionization techniques however can enable 
detection of larger MW fragments.133–135 
6.3. Nuclear Magnetic Resonance (NMR) Detectors  
 Nuclear magnetic resonance (NMR) has often been the go to method for structure 
elucidation of isolated sample components via both offline and online separations. 
However, for the purpose of this review we are going to discuss hyphenated LC-NMR 
primarily. Therefore, in LC-NMR applications flow is directly coupled too the NMR flow 
cell commonly in either continuous or stop flow mode, in continuous flow data is acquired 
over time much like any other detector and with stop flow mode data is collected in static 
conditions. The NMR detector flow cell is comparable to a traditional 3 mm NMR tube 
typically of 60 µL volume. The small volume of the NMR flow cell is often a major limitation 
since it will often lead to under sampling of a chromatographic peak, which could be 
avoided with increased flow cell dimensions or by offline analysis. Other considerations 
for LC-NMR is the chosen flow rate, solvent system and solvent suppression technique 
as these factors will impact analysis. Some solvent suppression techniques include 
presaturation, watergate, and/or WET, one of which is necessary since the solvent signal 
is in greater abundance than that of the analyte but with these techniques analyte signal 
is often suppressed in addition. Additionally, successful operation of LC-NMR requires a 
very controlled system without air bubbles, sample carryover, or other sources of 
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contamination.43,125 NMR is most commonly interfaced with LCCC40–42 and SEC42 
however other LC methods are interfaceable as well. LC-NMR is a powerful technique 
offering structural analysis of sample components, however it is important to keep in mind 
the limitations and numerous consideration for proper performance/optimization.136 
7. Efforts/Current Work Correcting ELSD and CAD Non-linearity  
 Of aerosol based detection methods ELSD and CAD remain as the most 
commonly used platforms. As mentioned earlier these techniques suffer from a limited 
linear response. Therefore, quantitative analysis outside the linear range or in the non-
linear portions of the response can lead to less accurate analyte concentration 
predications. However, even with this persistent challenge ELSD and CAD remain as 
some of the most commonly used detectors due to the universal detection scheme and 
gradient compatibility. Therefore, besides finding detector alternatives another active 
area of research is the development of methods to linearize the responses of ELSD and 
CAD detectors. This is not an easy task given the non-linear response is dependent on 
mobile phase, detector parameters, as well as the analyte itself.15 Such work is mostly 
done by correcting the response curve, one of the simplest methods for doing this is by 
performing a log-log transformation, illustrated in Figure 1-2 by Vervoort et. al. With a log-
log transformation, the linear portion of the response can generally be increased and the 
previously encountered double values can mostly be eliminated for easier 
quantification.19 More complex methods have been developed such as linearizing ELSD 
signal intensity as a function of concentration by Boborodea, A. & O’Donohue et. al., 
where the whole ELSD chromatogram is considered not just the peak area (Figure 1-3). 
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However, this correction method was only applied using isocratic separations and given 
that ELSD non-linearity is effected by mobile phase composition a similar approach may 
not be viable in a solvent gradient separation.29 Hutchinson and colleagues investigated 
the factors affecting CAD non-linearity and used this insight to developed a 2 part model. 
This model shows the 3 dimensional relationship between CAD signal, analyte 
concentration and mobile phase composition (in this case % acetonitrile) (Figure 1-4). 
When this model is applied to determining the concentration of unknown compounds a 
more accurate predicted concentration was found with ~13% error where predication 
without the model is estimated to be ~500% error.28 These correction methods all show 
improvement in the accuracy of quantitating mass concentrations within the non-linear 
portions of the ELSD and CAD response. However, these correction approaches are not 
universal meaning the process would need to be repeated with any change to the 
separation system. Additionally, there are still cases where a linear mass response would 
be preferred which ultimately highlights the need for universal gradient compatible 
detector that also offers linear mass detection. 
8. Conclusions 
 Polymer characterization through various combinations of LC methods and 
detectors allows for the important correlation between structure and properties, which is 
a necessary task to support plastics manufacturing some of which have been overviewed 
with this review. Other techniques not mentioned in detail which can also be used for 
polymer characterization include, field flow fractionation, multi-dimensional LC 
separations and other techniques not relating to liquid phase separations, however these 
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techniques were beyond the scope of this review. One outstanding challenge mentioned 
throughout this review is the need for improved detection schemes that offer linear mass 
response, universal detection and gradient compatibility which is not an option with 
existing commercial detectors. To make this even more complicated there is also the 
hope that such a detector would also be HT-LC compatible, meaning able to operate at 
elevated temperatures. Meeting these needs in a single detector would allow for more 
accurate quantitative analysis with regards to polymer characterization via LC methods. 
As mentioned, research in this space is limited focusing mostly on hyphenation of existing 
technologies with LC methods and correction of the non-linear response observed with 
ELSD and CAD, rather than developing alternative detection technologies. Unfortunately 
these correction approaches still leave a desire for accurate quantitative analysis. 
Therefore, we hope that this review has brought more light to these issues and inspires 
more work towards a detector that allows for more accurate quantitative polymer analysis.  
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Table 1-1: Overview of Concentration Sensitive Detectors 
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Figure 1-1: Sketch of Non-linear Response of ELSD and CAD Detectors. A. Depicts 
the typical sigmoidal response of evaporative light scattering detection (ELSD) signal with 
increasing mass injected on the column. B. Depicts the typical parabolic response of 
charged aerosol detection (CAD) signal with increasing mass injected on the column. C. 
Illustrates a linear response typically observed with detectors such as UV/vis and 
refractive index (RI).  
  













Figure 1-2: Log-log transformation of CAD and ELSD Response. (A) CAD response 
of increase pharmaceutical concentrations. (B) ELSD response of increase 
pharmaceutical concentrations. (C) Log-log transformation of CAD response (D) Log-log 
transformation of ELSD response. Reprinted from19 Journal of Chromatography A, vol. 
1189, N. Vervoort,D. Daemen,G. Török, “Performance evaluation of evaporative light 
scattering detection and charged aerosol detection in reversed phase liquid 










































 Figure 1-3: Linearized ELSD signal intensity as a function of concentration. (A) 
Original chromatogram comparison as obtained by RI and ELSD. (B) Comparison of RI 
and corrected ELSD molecular weight distributions. Reprinted from29 International 
Journal of Polymer Analysis and Characterization, vol. 22, Adrian Boborodea, Stephen 
O’Donohue, “Linearization of evaporative light scattering detector signal,” 685-691, 









Figure 1-4: Investigation of Charged Aerosol Non-linearity. A. Flow injection analysis 
observing the effect of mobile phase composition on CAD response. B. Flow injection 
analysis observing the effect of concentration response. C. Universal response model for 
CAD Detector, which takes account the factors that contribute most to the non-linear 
nature of the detector. These factors include analyte concentration and mobile phase 
composition. Reprinted from28 Journal of Chromatography A, vol. 1217, Joseph P. 
Hutchinson, Jianfeng Li, William Farrell, Elizabeth Groeber, Roman Szucs, Greg 
Dicinoski, Paul R. Haddad, “Universal response model for a corona charged aerosol 
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Abstract 
Molecular weight distribution (MWD) is often the most informative analytical 
parameter in polymer analysis, with gel permeation chromatography (GPC) being the 
most common approach for determining the MWD for polymer samples. Many industrially 
relevant polymers lack chromogenic or fluorogenic signatures, precluding use of 
spectroscopy-based detection. Universal detectors, such as evaporative light scattering 
and charged aerosol detectors, are nonlinear, limiting quantitative polymer analysis. 
Differential refractive index (dRI) detectors show linear mass concentration sensitivity but 
are limited for some analyses given that they are incompatible with gradient-based 
separations, have a limited dynamic range, and require extended thermal equilibration 
times. In this study, we investigated the utility of silicon photonic microring resonator 
arrays as a quantitative mass concentration detector for industrial polymer analysis. 
Microring resonators have optical properties that are sensitive to changes in refractive 
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index, offer an extended dynamic range, have a broad solvent compatibility, and have a 
linear mass concentration detection for a range of molecular weights. Linear mass 
concentration detection for microrings was demonstrated through a series of isocratic 
GPC separations using narrow MWD polystyrene (PS) standards. This detection 
technology was then utilized in conjunction with conventional GPC detectors to analyze 
a series of broad MWD PS standards, with results in good agreement with dRI and 
UV/visible. These results demonstrate the potential of the microring resonator platform as 
a detector for industrial polymer analysis. 
1. Introduction 
Polymers are an enormously diverse class of analytes broadly defined as organic 
chain macromolecules of repeating monomer units. These macromolecules have 
innumerable commercial applications, ranging from packaging and adhesives to tires and 
clothing.1 The properties of a synthetic polymer are controlled through monomer 
chemistry and composition, monomer arrangement, chain length, and chain branching.1 
Molecular weight (MW) and molecular weight distribution (MWD) are requisite parameters 
for polymer characterization, as they profoundly influence physical properties. Gel 
permeation chromatography (GPC) remains the gold standard for MWD analysis of 
polymers. Other techniques include Fourier transform infrared spectroscopy (FTIR) and 
nuclear magnetic resonance spectroscopy (NMR) for functional or end-group analysis 
and determining monomer ratios in polymer blends.2 These and other spectroscopic 
methods rely on GPC for distributional analysis and are collectively used for 
comprehensive industrial polymer characterization.3,4 
 55 
Polydispersity is a metric of the breadth of the MWD, and the degree of 
polymerization for a given polymer describes the number of monomer repeat units per 
chain at a particular average MW in the distribution (e.g., number-average or weight-
average). The polydispersity index (Đ) is defined as the ratio of the weight-average 
molecular weight (Mw) to the number-average molecular weight (Mn).  
Ð = '"
'$
                                        (1) 






                     (2) 
where Ni is the number of molecules, and Mi is the molecular weight. Mn can also be 
written in terms of the polymer weight fraction (wi), which is more simply referred to as 







                        (3) 
The more disperse a polymer distribution, the greater divergence of Mn and Mw. Đ values 
are an important characteristic of industrial polymers because many important physical 
properties, such as resin processability, depend on Đ. 1 
Methods for determining polymer MW include light scattering, sedimentation, 
chromatography, and mass spectrometry. 1,2 Light scattering and sedimentation velocity 
are often used for Mw determinations. 5 Methods using osmotic pressure, colligative 
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properties, or end group analysis are typically used for Mn determination. GPC and mass 
spectrometric methods, such as matrix-assisted laser desorption ionization mass 
spectrometry (MALDI-MS), can determine both Mw and Mn,6-10
 enabling Đ determination 
using a single technique. MALDI-MS has the notable advantage of high- resolution mass 
determination in comparison to separation- based methods. Unlike GPC, though, MALDI-
MS methods have challenges with determining broad polymer distributions, and high MW 
polymers can often not reach a sufficient charge state for analysis.11 As a result, 
separation-based methods are most commonly used for Đ determination.  
Polymer analysis using GPC requires the use of a concentration detector, such as 
UV/visible (UV), differential refractive index (dRI), evaporative light scattering (ELSD), or 
charged aerosol (CAD) detectors.7,12,13,2 UV absorbance is nondestructive and 
concentration-dependent, but it is limited to analytes with chromogenic signatures. 
Because of the above limitations, dRI is one of the most commonly used detectors with 
GPC separations of industrially relevant polymer samples. dRI is also nondestructive, but 
it has the added advantage of being a universal detector. 14 However, dRI has some 
limitations, including incompatibility with gradient separations, for which the refractive 
index (RI) change of the solvent gradient exceeds the dynamic range of the commercial 
dRI detectors. Although incompatibility with gradients is not relevant for GPC detection, 
identifying a universal detector for gradient separations of polymers would be an 
important breakthrough for polymer analysis. Polymer separations routinely require two-
dimensional methods, where solvent gradients are often applied in the first dimension, 
preventing the use of dRI detectors for the first dimension.15,16  
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In ELSD, the solvent is nebulized and evaporated, leaving only the analyte 
particles, and the light scattering of these particles is measured. ELSD is a universal 
gradient-compatible detector commonly implemented for polymer analysis, but it has 
some notable limitations. ELSD detectors are destructive and require a volatile mobile 
phase. Importantly, ELSD is not a linear mass detector, prohibiting quantitation of low 
concentrations of high molecular weight polymers and/or polymers at high 
concentrations.15,17-19 CAD detectors similarly rely on a nebulized spray, like ELSD 
detectors, but for CAD, particles are charged by a corona wire.20 These particles create 
a current which is proportional to analyte concentration. Much like ELSD, CAD is gradient 
compatible, destructive, requires a volatile mobile phase, and is only linear over a narrow 
mass range.15,22,21 
The silicon photonic microring resonator platform has the potential to be an 
improved universal detector for polymer analysis. Similar to dRI detectors, microring 
resonators can measure changes in RI. However, unlike conventional dRI, microring 
resonator arrays offer solvent gradient compatibility due to their enormous linear dynamic 
range for bulk RI measurements. Most implementations of microring resonators leverage 
the exquisite surface sensitivity to detect molecular binding events to specific recognition 
elements tethered to the sensor surface (e.g., antibodies or DNA).23,24 It was this surface 
sensitivity and dynamic range previously that enabled implementation of the platform as 
a high-performance liquid chromatography (HPLC) detector for gradient elution 
separation of small molecules.14 Using a similar approach, a microwave interferometer 
was recently interfaced with HPLC, demonstrating isocratic and gradient compatibility.25 
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Additionally, similar optical resonator detectors have been interfaced with separations, 
including gas chromatography and capillary electrophoresis.26-29  
Herein, we demonstrate microring resonators as a quantitative mass concentration 
detector for polymer applications. Microring resonators combine the appealing 
capabilities of wide solvent compatibility and mass concentration detection of dRI 
detectors and the gradient compatibility provided by CAD and ELSD into a single 
detection platform. To demonstrate the linear mass detector capability of the microring 
resonator platform, isocratic separations of polystyrene standards (PS) by GPC with the 
microring resonator platform as a detector were performed. Parallel isocratic separations 
of the same narrow range polystyrene samples were performed using UV and dRI, 
allowing a direct comparison of the two RI-sensitive-based detectors. MWD of polystyrene 
standards with broad MWD were determined by calibrating the microring resonators for 
polystyrene MW. Much like the narrow range PS experiments, MWD were also 
determined using dRI and UV as the GPC detectors, to compare Đ values calculated for 
each standard by each method. A direct comparison of MWD assessment for UV, dRI, 
and microring resonator analysis are provided. These results demonstrate the suitability 
and limitations of microring resonator arrays for polymer analysis.  
2. Experimental Section 
2.1. Materials 
All solvents were purchased from Sigma-Aldrich (St. Louis, MO) at the highest 
purity available. Narrow and broad range polystyrene standards were purchased from 
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Polymer Standards Service-USA, Inc. (Amherst, MA) and were used as received. Ten 
narrow MWD polystyrene standards ranging in MW (1.3, 3.2, 9, 18, 33, 62, 120, 280, 560, 
and 1400 kDa) were prepared in tetrahydrofuran (THF) at various concentrations from 
0.3 to 0.7 mg/mL. Three broad MWD polystyrene standards (20, 47, and 60 kDa) were 
prepared in THF at a concentration of 1.0 mg/mL.  
2.2. Microring Resonators 
 The microring resonator system (Maverick M1 optical scanning instrumentation) 
and sensor array chips were purchased from Genalyte, Inc. (San Diego, CA). Detailed 
descriptions of sensor fabrication and instrument operation have been described 
elsewhere.14 Briefly, microring resonators are ring shaped optical cavities with adjacent 
linear waveguides. The individual microrings are probed by an external tunable cavity 
diode laser centered at 1550 nm, and optical transmission is monitored as a function of 




                              (4) 
where r is the ring radius, neff is the effective refractive index, and m is a constant. 
Changes in neff at the sensor surface, such as a changing mobile phase composition, 
resulted in a change of the resonant wavelength, which was measured and referred to as 
the relative shift in picometers (Δpm).30,31 These changes in resonance wavelengths 
corresponded to changes in neff and were monitored as a function of time.31  
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Sensor array chips have a 4 mm × 6 mm footprint with 128 individually addressable 
microring sensors.30 Sensor chips were fabricated from silicon-on-insulator (SOI) wafers 
with an SiO2 surface that was highly chemically resistant. The chips also have a protective 
photoresist coating that was removed before use. Photoresist was removed by 
successively immersing chips in acetone and isopropanol baths, followed by an acetone 
rinse.  
2.3. HPLC 
 Chromatographic separations were performed on a Waters Alliance e2695 
separation module (Milford, MA) furnished with a Waters 2489 UV/Visible Detector and a 
Waters 2414 refractive index detector. The column used was an Agilent MiniMIX-C 
column (Santa Clara, CA), with dimensions of 250 mm × 4.6 mm, and a packing particle 
size of 5 μm. The flow rate was maintained at 0.3 mL/min, sample temperature was kept 
at 5 °C, and the column oven at 35 °C. The Waters 2489 UV/Visible detector wavelength 
was set to 260 nm with a sampling frequency of 10 HZ. The Waters 2414 RI detector was 
kept at a constant temperature of 40 °C. For all separations, the mobile phase solvent 
was THF.  
2.4. GPC-Microring Resonator Interface 
Sensor chips were placed into an anodized aluminum cartridge holder. A 
polyethylene terephthalate (Mylar) gasket was sandwiched onto the top of the sensor chip 
followed by a polytetrafluoroethylene (Teflon) cartridge top. The HPLC outlet was 
connected to a 0.25 mm flangeless 1/4−28 and then to a ZDV 10−32 PEEK low pressure 
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union. The PEEK union adapted the HPLC fittings to the microring resonator cartridge. 
Once assembled, the function of the GPC-microring resonator interface was analogous 
to a detector flow cell. A diagram of the GPC-microring resonator interface can be found 
in Figure 2-1.14  
2.5. Data Analysis 
Data analysis was carried out using custom software written in R (version 3.4.1). 
Chromatograms were obtained for all the detection methods by plotting signal intensity 
as a function of time. There was an additional step for microring resonator 
chromatograms, where responses from 20 microrings were averaged and plotted as a 
function of time, with 20 rings being averaged each time. Prior to each run, signal 
response for all 128 microring sensors was collected, 20 rings with the lowest variance in 
baseline noise were selected for data collection, and the average of these 20 rings was 
used as the signal response (Figure 2-2). A Whittaker smoothing function, i.e., a 
penalized least-squares smoothing function, was applied to the averaged raw data 
response.32 An asymmetrically reweighted least-squares (arPLS) approach was used to 
baseline correct the averaged chromatogram.33 Processed chromatograms were then 
normalized by concentration. Evaporative losses of THF caused slight differences in 
standard concentrations, and these variations were accounted for using exact 
concentrations (determined by UV absorption). This data treatment process and a 
comparison to uncorrected data is provided in Figure 2-3.  
2.6. Đ Determinations 
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Đ values were calculated directly using eqs 5 and 6. These equations represent 
modified Mn and Mw equations, which use refractive index intensity (RIi) directly instead 









                              (6) 
This is due to the relationship between refractive index (n) and concentration (c), changes 
in n are proportional to changes in c. The proportionality factor, referred to as the 
refractive index increment 𝜕𝑛 𝜕𝑐$ , depends on the differences in polymer and solvent 
refractive indices at a given wavelength and temperature. This relationship allows for the 
calculation of Mn and Mw from refractive index-based detector chromatograms.1
 
Microring resonators are sensitive to refractive index differences due to changes in mass 
concentrations of analytes as they flow past the detector.  
3. Results and Discussion 
3.1. Narrow Range PS Standards 
Isocratic separations of 0.5 mg/mL narrow range PS standards utilizing the GPC- 
microring resonator interface were performed, with the resulting chromatograms shown 
in Figure 2-4A. This demonstrates the applicability of the microring resonator platform for 
GPC detection. Using the described separation method, 100 μL injections of the 0.5 
mg/mL narrow range PS standards were made for 10 standards ranging from 1.3 to 1400 
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kDa. The observed elution order for the GPC-microring resonator experiment was as 
expected, with the largest MW standard (1400 kDa) eluting first, and lower MWs followed 
consecutively. By comparing the detection of narrow range PS standards by the microring 
resonator platform to dRI (Figure 2-4B) and UV (Figure 2-4C), the trends are the same 
across the various detection methods. A drawback from the microring resonator detection 
method is that it has the greatest amount of noise in the baseline when compared to 
commercial detectors. The greater noise is attributed to un-thermostated temperature and 
flow fluctuations; however, further investigations need to be performed to isolate various 
contributions to detector noise. Figure 2-3 visually depicts the raw data processing 
methods for noise reduction, and a comparison of processed and raw data is provided.  
3.2. Investigating MW Dependence 
Comparing the chromatograms of the various detection methods, it is observed 
that there is an MW trend with the microring resonators with detector response decreasing 
with increasing MW. The trend is further visualized by integrating the microring resonator 
chromatogram peaks. Peak areas decrease with increasing MW (Figure 2-4D), and this 
is not the case for the dRI (Figure 2-4E) or UV (Figure 2-4F), which show comparable 
peak areas for the full MW range. This dependence on MW is due to the size of the 
dissolved polymer chain and surface sensitivity of the sensor. Light travels through the 
waveguide via total internal reflection, and therefore, the sensitivity falls off exponentially 
according to the decay profile of the evanescent field in the following equation:  
𝐼(𝑧) = 	 𝐼2𝑒3,45																																														(7) 
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where I(z) is the intensity of the evanescent field as a function of distance, z, from the 
surface. I0 is the initial evanescent field intensity, and γ is the exponential decay constant. 
The evanescent field was previously directly probed via layer-by- layer polymer deposition 
on the sensors, and the 1/e decay constant (where the light intensity, I0, has decreased 
to 36.7%),was found to be 63 nm.34 In the previous work, the ring resonators exhibited a 
quasi-linear response up to a total layer-by-layer polymer thickness of about 20−25 nm 
from the surface. Because of the exponential decrease in the evanescent wave intensity, 
deviations from linearity became obvious at thicknesses greater than 25 nm, and a 
plateauing effect was observed at thicknesses greater than about 150 nm. A similar trend 
may be expected for polymer chains dissolved in solution, and indeed, such is the case. 
At lower MWs (smaller sizes), there is a MW independent region of microring resonator 
response, as indicated by the roughly constant peak area for MWs less than ∼120 kDa 
(radius of gyration, Rg ∼ 13 nm).35 For MWs exceeding ∼120 kDa, there is an obvious 
size dependence to the detector response, as indicated by the monotonic decrease in 
peak area with increasing MW (see Figure 2-5 and Table 2-1).  
For any given size, or MW, the detector response may be linear with polymer 
concentration, but the sensitivity (slope of the calibration curve) is expected to decrease 
with increasing MW. The key factor influencing this behavior is the actual mass 
concentration of polymer contained within an approximately 25 nm distance from the ring 
surface (surface concentration), compared to the bulk mass concentration. At 2Rg sizes 
less than ∼ 25 nm, the bulk concentration and surface concentration appear to be the 
same, as indicated by the observed MW independent detector response for chains in this 
size regime. As the sizes of polymer chains exceed a 2Rg distance of ∼25 nm, the surface 
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concentration begins to differ from the bulk. In this region, an MW dependent response is 
observed.  
3.3. MW Calibration 
By using the narrow range PS standards, the linear mass concentration detector 
capability of the microring resonator platform was demonstrated, as shown in Figure 2-6. 
Again, utilizing the GPC-microring resonator interface, isocratic separations were 
performed with 100 μL injections and various concentrations (0.3, 0.5, and 0.7 mg/ mL). 
Overlaid chromatograms of various concentrations, obtained by microring resonator 
detection, show that signal intensity as well as peak area are dependent on the mass 
injected (Figure 2-6A−C). This mass concentration dependence on peak area was further 
analyzed by integrating the area under the curve for each standard and each 
concentration. Plotting the integrated area against the mass injected on the column for 
each detection method shows a strong positive linear correlation for all MW standards 
used (Figure 2-6D−F). For the microring resonator plots, the slopes are comparable for 
all standards except the 560 kDa standard. This result is consistent with the decreasing 
sensitivity for higher MW polymers, as previously described. The 560 kDa is clearly in the 
MW dependent regime of sensor response and has a much shallower calibration slope. 
Additionally, MW and Rg trends were again investigated at the various concentrations in 
Figure 2-7 and Table 2-2, these trends are reproducible regardless of mass, verifying that 
the MW dependence behaves in a predictable manner. UV and dRI, in comparison, have 
comparable slopes for all standards (Figure 2-6E,F), as expected for MW independent 
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mass concentration detection since they are bulk, rather than surface-sensitive. The fitting 
parameters for linear mass concentration detection plots are found in Table 2-3.  
The microring resonator platform was used for detection of narrow range PS MW 
standards (n = 3), and calibration curves were constructed by plotting the log of standard 
MW versus elution volume for each detection method (Figure 2-8A−C). The resulting MW 
calibration curves for each method were fit with a first-order polynomial, and all exhibited 
R2values of greater than 0.99 and near identical slopes (Table 2-4), which when plotted 
on the same axes show direct overlap (Figure 2-8D). This demonstrates the good 
alignment and reproducibility among methods, which is further demonstrated by Figures 
2-9 and 2-10.  
3.4. Broad Range PS Standards Separations 
GPC separations of 1.0 mg/mL broad MWD PS standards utilizing the GPC-
microring resonator interface were performed (100 μL injection of 1.0 mg/mL standards). 
Separation conditions were the same as those used for the narrow range PS standard 
experiments. Much like the narrow range PS standard separations, detection by the 
microring resonators had the greatest level of noise. However, the S/N ratio was greatly 
improved following the data processing methods described previously (Figure 2-3). 
Obtained chromatograms using microring resonators, dRI, and UV are shown in Figure 
2-11.  
3.5. Determination of MWD 
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Using the broad range PS standard’s elution volume and the PS MW calibration 
curve, Mw can be determined at each retention time increment across the peak. 
Equations 5 and 6 were used to calculate Mn, Mw, and Đ (eq 1) for the three broad 
standards. By comparing the obtained Mn and Mw values via each detection method, 
good agreement was observed among values for all three detection methods (Figure 2-
12A,B). By comparing obtained Đ values, we see very good agreement for all standards 
for all detection methods. Although good agreement was observed for the microring 
resonators results when compared to both UV and dRI results, the three broad PS 
materials analyzed had very little (if any) fractions of their distributions exceeding 100 
kDa. As such, these standards were in a range where the MW- dependent sensitivity was 
not pronounced for the microring resonators. The larger wider standard deviations for 
values determined by the microring resonators is unsurprising, given the higher noise 
floor of the sensor.  
Given the observed MW dependence of the microring resonators, there could be 
some challenges with determining the Đ of high MW polymers. An improved 
understanding of MW trends of the sensor along with the fact that these trends are 
independent of mass concentration for a given MW could provide a tool for correcting and 
predicting this effect and fully characterize the MWD to include the high MW regime.  
4. Conclusions 
Isocratic separations using PS standards with GPC demonstrated the linear mass 
concentration detection of the silicon photonic microring resonator. A MW dependence 
was observed where the sensors were less responsive to larger polymers due to the 
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evanescent surface sensitivity of the resonators. However, this dependence is consistent 
and was fit via a polynomial function. In addition, Đ was determined with the microring 
resonator platform and found to be in good agreement compared to UV and dRI detectors. 
This demonstrates the applicability of the microring resonator for industrial polymer 
analysis.  
Future work will focus on accounting for the observed MW dependence of the 
sensor surface, implementing the microring resonator platform as a gradient elution 






Figure 2-1: GPC-Microring Resonator Interface. Samples separated by the HPLC on 
a GPC column, detected by UV/Vis detector which is the connected to MRR (in series), 
via a 0.25mm flangeless ¼-28 and a ZDV 10-32 PEEK low pressure union. The elutant 
enters the right side of cartridge top, flows across a blank chip, and exits left side of 






Figure 2-2: Automated Ring Selection. (A.) Initial experiment performed by running 
THF across 128 rings. (B.) Obtained data is processed and top 20 rings are identified 
based on minimum variance. Experiment is performed, in this case 100 µL injections of 
1.0 mg/mL broad standards, scanning only the identified 20 rings with the least amount 






Figure 2-3. Data Treatment Process for Microring Resonators. Raw microring 
resonator chromatograms of broad standards (A) and narrow standards (D). These traces 
show increased noise and baseline drift compared to other detection methods. Noise was 
reduced by applying an arPLS smoothing function. Smoothing allows for reducing drift 
and noise without impacting the integrity of the peaks. This is illustrated for both broad 
(B) and narrow polystyrene separations (E) Data are then normalized by concentration 
for both broad (C) and narrow (F) PS, as slight differences in standard concentration 




Figure 2-4: Various GPC Detection Methods for Narrow Standard Analysis. The 
following chromatograms are representative of minimum n = 3 and were obtained using 
narrow range polystyrene standards with an MW range of 1.2−1400 kDa. (0.5 mg/mL 
concentration and 100 μL injections). (A) The microring resonator chromatogram 
(average of 20 rings), (B) dRI chromatogram, and (C) UV chromatogram. Plotting the 
average peak areas for all MW standards shows that dRI (E) and UV (F) have 
comparable peak areas for all standards. Whereas with the microring resonators (D), 





Figure 2-5: MW Dependence of Microring Resonators. Further investigating the MW 
dependence shows MW and radius of gyration trends. (A) Plotting the full MW range on 
a log scale against peak area shows an exponential decay. (B) In addition, plotting peak 
area against radius of gyration on a log scale shows a similar exponential decay. Both 
(A) and (B) show that there is a flat linear region with no MW dependence. In addition, 
these plots demonstrate that the microring resonator platform has increased sensitivity at 






Figure 2-6: Microring Resonators as a Linear Mass Detector. Utilizing the same 
narrow range polystyrene standards (MW range of 1.2−560 kDa) at various 
concentrations (0.3, 0.5, and 0.7 mg/mL) the linear mass detection capability of the 
microring resonators can be demonstrated. The detector signal is expected to increase 
linearly with increasing concentration. (A) Overlapping GPC-microring resonator 
chromatogram at various concentrations (n = 3) show that the microring resonator signal 
intensity/chromatogram peak area increases with concentration peak area verifying 
concentration dependence. The same is true for dRI detection (B) and UV detection (C). 
Integrating the chromatogram peaks and plotting against mass injected further illustrates 






Figure 2-7. MW Dependence of Microring Resonators at Varying Concentrations. 
Repeating the initial investigation of the molecular weight dependence at the 3 varying 
linear mass detection experiment concentrations (0.3, 0.5, 0.7 mg/mL) shows that MW 
and radius of gyration trends are independent of concentration. (A.) Plotting the full MW 
range on a log scale against peak area shows a linear trend. (B.) Plotting peak area 
against radius of gyration on a log scale shows the same trend. These plots show that 
































Figure 2-8: Calibration Curves for Narrow Range Polystyrene Standards (0.5 mg/mL 
concentration and 100 μL injections). (A) Microring resonator calibration curve. (B) UV 
calibration curve. (C) dRI calibration curve. (D) Overlapping calibration curves, which 





Figure 2-9: Full Microring Resonator Chromatogram and Reproducibility. These 
chromatograms represent the smoothed full run traces of the microring resonators for 
both (A) broad and (C) narrow standards. Zooming in on these traces are represented by 
(B) for the broad and (.) for the narrow polystyrene standards. (A-D) Also represent the 
reproducibility of detection by the microring resonators, as all separations were repeated 
three times, with the triplicate traces shown here. Comparing the individual traces show 






Figure 2-10: Correction for Volume Delay Between Detectors. Normalizing all three 
detector’s signal to 1 and plotting on the same axis verifies the alignment and agreement. 
All standards have the same elution volume regardless of the detection method, verifying 
that there is no delay or compromise of the separation caused by the interface. This is 
evident in the  normalized signal response chromatograms for both the linear mass 
detection experiments using narrow range polystyrene standards (A) and the broad range 



































Figure 2-11: Comparison of Various GPC Detection Methods for Broad Range 
Polystyrene Standards, MW range of 20−60 kDa (1.0 mg/mL concentration and 100 μL 
injections). (A) Microring resonator (average of 20 rings), (B) dRI, and (C) UV. The 
representative traces of n = 3 by all three detection methods demonstrate comparable 
detection and very good reproducibility. These broad standards were then used to 






Figure 2-12: MWD Determination for Broad Standards. All three detection methods 
were calibrated for MW using narrow range polystyrene, these calibrations allowed for 
the MWD determination of broad range polystyrene. (A) Mw, (B) Mn, and (C) Đ were 
determined for each broad standard with all three detection methods. Microring resonator 
values are represented in red, UV values are represented in blue, and dRI values are in 
green. By comparing the determined MWs and PDIs by the various methods, the same 
trends are observed. The microring resonators have the largest error in comparison, 
which is mostly attributed to noise in the baseline; however, these values are still 










R2 𝐴 𝐵 
A Peak area vs MW 0.6250 -0.0006 0.8995 
B Peak area vs Rg 0.6743 -0.0140 0.9759 
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Table 2-2: Fitting Parameter for MW Dependence at Varying Concentrations 
  
Plot Mass Injected (mg) 
Ax + B 
R2 
B C 
A Peak area vs MW 
0.03 -0.0007 1.0122 0.95514 
0.05 -0.0005 0.642 0.90059 
0.07 -0.0003 0.3677 0.86218 
B Peak area vs Rg 
0.03 -0.0056 0.3881 0.93598 
0.05 -0.0085 0.6729 0.97579 
0.07 -0.0135 1.0584 0.97692 
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𝐵𝑥 + 𝐶 
R2 𝐵 𝐶 
A Microring Resonators 
1.2 16.5 -0.13 0.99 
9 16.5 -0.127 0.95 
33 14.3 -0.0724 0.97 
120 15.4 -0.2 0.93 





1.2 2.26 -0.0187 1.0 
9 2.18 -0.0153 1.0 
33 2.34 -0.0187 1.0 
120 2.37 -0.0187 1.0 
560 2.69 -0.0298 1.0 
C UV/Visible 
1.2 232 -2.46 0.99 
9 220 -1.64 1.0 
33 234 -1.92 1.0 
120 235 -1.91 1.0 




Table 2-4: Fitting Parameters for Calibration Curves  
 
Detector 
𝐵𝑥 + 𝐶 
R2 𝐵 𝐶 
A Microring Resonators -3.276 8.9095 0.99781 
B Differential Refractive Index -3.205 8.7701 0.99804 
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Abstract 
Silicon photonic microring resonators, much like other optical sensors, are 
attractive for many analytical applications because of their high level of surface sensitivity. 
However, this sensitivity falls off exponentially with increasing distance from the sensor 
surface which correlates with the decay profile of the evanescent field. This sensitivity 
fall-off has been well characterized for the microring resonators with previous studies. 
One study directly probed the evanescent field by layer-by-layer polymer deposition on 
the sensor surface, where deviation from a linear response was observed at 
approximately 25 nm from the surface. In a more recent study, which utilized the microring 
resonators as a liquid chromatography (LC) detector, it was observed that with increasing 
polystyrene (PS) molecular weight (MW) there was a decrease in peak areas tracking 
with the same decay profile of the evanescent field. Therefore, the goal of this study was 
to explore alternative fluidic geometries for the microring resonator flow cell to improve 
the mass transfer/sensitivity of the high MW regime. In other words, if we alter the way 
eluent is delivered to the chip, is there any observed improvement in the previously 
visualized MW dependence? Here experimental conditions of LC interfaced polymer 
separations were emulated and analytical narrow range PS standards were used as a 
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model system to fully probe potential improvements for the detection of large MW 
analytes.            
1. Introduction 
Silicon photonic microring resonators are a type of optical resonant sensors. These 
resonant sensors rely on the coupling of light into microcavities for various sensing 
applications. Light propagates on the principle of total internal reflection through 
waveguides and under proper conditions the light couples into the adjacent microcavity. 
At the interface of the core and cladding of the waveguide there is an evanescent optical 
field that extends from the surface. This evanescent field is inherent for sensing since 
light-matter interactions with the evanescent field are measured over time. The strength 
of the evanescent field is dependent on proximity to the sensor surface, this has been 
well characterized and has been found to decay exponentially with increasing distance 
from the sensor surface. The following equation describes the discussed exponential 
decay of the evanescent field strength (I): 
 𝐼(𝑧) = 𝐼2𝑒,45   Eq. 1 
where I0 is the evanescent field strength at the sensor surface, z is the distance from the 
surface and 𝛾	is the exponential decay constant or rate of fall-off in field strength.1,2 As for 
the microring resonator platform, the exponential decay of the evanescent field was 
probed directly by layer-by-layer polymer deposition on the sensor surface. Here 
deviation from a linear response was observed 25 nm from the surface.2 This can be a 
challenge for the sensing of dissolved large molecules whose hydrodynamic diameter 
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infringes on such dimensions. For example a 120 kDa polystyrene standard has a radius 
of gyration (Rg) of approximately 13 nm when dissolved in tetrahydrofuran (THF) this 
equals a diameter of 26 nm which falls beyond the linear sensing region. More so as 
polystyrene molecular weight increases so does Rg, which means sensitivity of the 
microring resonator platform tracks with molecule size.3 This challenge however is 
something more likely to occur in liquid chromatography (LC) applications rather than 
biological binding applications which are estimated to extend tens of nanometers.3 
Previous work has utilized silicon photonic microring resonators as an alternative 
detection scheme to combat some commonly encountered challenges in commercially 
available LC detectors, for example detection of signature (i.e. chromophore or 
florescence) lacking analytes or linear mass detection for gradient separations. Here the 
major advantages of LC detection by the microrings was demonstrated with polymer 
characterization. Our gel permeation chromatography (GPC) application demonstrated 
applicability to LC detection with linear mass detection capability, high correlation to 
conventional detectors, as well as our ability to quantify molecular weight distributions of 
broadly distributed polystyrene (PS).3 As for our adsorption LC application we fully 
demonstrated the gradient detection capability of our platform which is unique for a 
refractive index based detection mechanism.4 All that being said there were some 
challenges with these experiments, most of which could simply be improved if we were 
to develop our platform further to function as an LC detector. However, one challenge 
observed was the molecular weight dependence of the sensor surface. This means as 
the molecular weight of our analytes increased there was a decrease in peak area for a 
fixed injection mass. Specifically, a MW dependent region is observed for polymer chains 
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which exceed a 2Rg distance of ∼25 nm.3 This dependence is most likely a result of both 
lower sensitivity to larger molecules due to evanescent field limitations and less efficient 
mass transfer of larger molecules regardless of injected concentration. 
 The mass transfer contribution to this trend was investigated with this work, which 
was heavily motivated by other pervious work which utilized the microring resonator 
platform as a capillary electrophoresis (CE) detector. With these studies mass 
concertation linearity and detection of sugars lacking chromophores was observed, but 
what was especially clear was the improved sensitivity of microring resonator platform 
when used in this format as opposed to LC interfaced work.5 This sensitivity difference is 
mostly attributed to the inherent flow profile differences between the two different 
separation methods. More specifically, LC flow is pressure driven which by nature 
possesses a laminar flow profile, which is typically described as rounded and orderly. 
Laminar flow is conventionally considered mass transfer limited and subjective to diffusion 
which can greatly contribute to the sensitivity issues. On the other hand, due to the applied 
potential, CE is driven by electroosmotic flow (EOF). EOF delivers a flow that has a 
square profile, this characteristic reduces band broadening effects and enhances the 
number of theoretical plates. 
 In other words, by comparing our labs’ work it is observed that the laminar flow 
profile of our separation greatly effects the sensitivity of the microring resonators. 
Therefore, with this project we sought out an alternative flow cell configuration for our LC 
interface with the microring resonators to alter the laminar flow profile and induce 
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improved mass transfer. The method we sought to explore our hypothesis was to employ 
a “wall-jet” configuration often utilized in electrochemical applications. 
 A wall-jet geometry utilizes a “T” like flow path where the inlet comes in from the 
vertical portion and flow is split in opposite directions horizontally. With this configuration 
the inlet stream strikes the detection portion (hence the name “wall-jet”), which for 
electroanalytical applications is typically an electrode, that is positioned perpendicular 
with regards to the inlet flow. This wall-jet flow path has shown to enhance mass transport 
and sensitivity when compared to conventional/parallel flow geometries. 6–10 Recently, 
Munshi and Martin et. al. 3-D printed a wall-jet microfluidic device where the electrode 
was placed perpendicular to the inlet stream and compared the performance to a thin-
layer electrode configuration where the electrode was placed laterally to flow. With use of 
the wall-jet device they observed 16 times higher sensitivity along with improved mass 
transport over the thin-layer device. They also compared the wall-jet electrode device to 
UV and mass spectrometry detectors in an HPLC applications, with this they observed a 
comparable number theoretical plate across all the detectors.10 
Therefore, with this study an alternative geometry to our conventional flow cell was 
explored as a method to experimentally improve the mass transfer of higher molecular 
weights, which as a result should also enhance microring sensitivity. This was done by 
taking inspiration from wall-jet electrode work. In other words we redesigned the microring 
resonator flow cell to place the inlet stream perpendicular to the microring resonator chip. 
We did this through a series of flow cell lid and gasket designs. A series of chromatogram 
comparisons and quantified peak areas are presented here to illustrate the design 
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progression. These results show the successful implication of a wall-jet design to our 
microring resonator flow cell. However, much of this work shows that the molecular weight 
dependence of our sensor remains reproducible regardless of the flow cell geometry, 
eliminating limited mass transfer as the cause of this trend. On a more positive note some 
improvement of our data representation, for example noise reduction, is observed with 
our final wall-jet design. This observation is promising for future work that will further 
optimize the microring resonator flow cell to better serve LC applications.  
2. Experimental 
2.1. Materials 
Solvents were purchased from Sigma-Aldrich (St. Louis, MO) at the highest purity 
available and polystyrene standards (narrowly distributed) were purchased from Polymer 
Standards Service-USA, Inc. (Amherst, MA), all reagents were used as received. 
Polystyrene standards (1.3, 3.2, 9, 18, 33, 62, 120, 280, 560, and 1400 kDa) were 
prepared at various concentrations in tetrahydrofuran (THF) or ethyl acetate depending 
on compatibility with cartridge top material.  
2.2. Microring Resonators 
The microring resonator system (Maverick M1 optical scanning instrumentation) 
and sensor array chips were purchased from Genalyte, Inc. (San Diego, CA). Detailed 
descriptions of sensor fabrication and instrument operation have been described 
elsewhere.11 However, the microring resonators are ring shaped optical cavities with 
adjacent linear waveguides. An external tunable cavity diode laser centered at 1550 nm 
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individually probes each microring, monitoring optical transmission as a function of 
wavelength. Dips in transmittance signal are observed at resonant wavelengths (𝜆+) 




  Eq. 2 
Here r is the ring radius, neff is the effective refractive index, and m is a constant. neff 
changes with observed changes at the sensor surface, such as analyte elution or 
changing mobile phase composition, resulting in a change of the resonant wavelength, 
which is measured and referred to as relative shift in picometers (Δpm). These changes 
in resonance wavelengths corresponded to changes in neff and are monitored as a 
function of time.1,3,12 
Sensor chips consist of an array of 128 individual microring resonators on a 4 × 6 
mm silicon-on-insulator (SOI) wafer which has a SiO2 surface that is highly chemically 
resistant. Prior to use a protective photoresist coating was removed by successively 
immersing chips in acetone and isopropanol baths, followed by an acetone rinse.3 
2.3. Wall-Jet Cartridge Top and Gasket Fabrication 
 Early generations of the flow cell lid designs versions 1-2 of Figure 3-1 B-C were 
manually machined by the University of Michigan machine shop out of Teflon, designs 
were provided via SolidWorks. For later generations of the flow cell lid designs, versions 
3-4 of Figure 3-1 D-E, were 3D printed using the Strasys J750 in Vero resin printed by 
the University of Michigan Fabrication Studio. Then for reference the original flow cell lid 
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design is provided in Figure 3-1A, which was purchased from Genalyte and was 
constructed out of Teflon. 
 New fluidic gaskets were laser cut out of polyethylene terephthalate (Mylar) using 
a CO2 laser cutter provided by the lab of Prof. Adam Matzger in the department of 
chemistry at the University of Michigan. Gasket designs are presented in Figure 3-2A. 
Design 0 represents the original Mylar 2 channel gasket purchased from Genalyte, which 
was used here with the original flow cell lid design (Figure 3-1A) and for preliminary wall-
jet design 1 (Figure 3-1B) data shown in Figure 3 B-C. Gasket design 1 of Figure 3-2A 
was used with wall-jet designs 1 and 2 (Figure 3-1 B and C respectively), data shows this 
pairing in Figures 3-6 and 3-7. Gasket design 2 of Figure 3-2A was used with wall-jet 
designs 3 and 4 of (Figure 3-1 D and E respectively), data obtained using this combination 
is presented in Figure 3-9 B-C.  
2.4. HPLC 
Gel permeation chromatographic (GPC) separations were performed on a Waters 
Alliance e2695 separation module (Milford, MA) furnished with a Waters 2489 UV/Visible 
Detector. The column used was an Agilent MiniMIX-C column (Santa Clara, CA), with 
dimensions of 250 mm × 4.6 mm, and a packing particle size of 5 μm. The utilized flow 
rates ranged from 0.6-0.9 mL/min, sample temperature was kept at 5 °C, and the column 
oven at 35 °C. Mobile phase solvent was either THF or ethyl acetate depending on 
compatibility with cartridge top material.  
2.5. GPC-Microring Resonator Interface 
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An anodized aluminum cartridge holder housed sensor chips and were topped with 
the appropriate Mylar gasket and flow cell lid. This whole assembly, which is analogous 
to a detector flow cell, was interfaced to the HPLC via the following connections. The 
HPLC outlet was connected to a 0.25 mm flangeless 1/4−28 and then to a ZDV 10−32 
PEEK low pressure union. The PEEK union adapted the HPLC fittings to the microring 
resonator cartridge. The same interface HPLC-microring resonator interface has been 
discussed previously.3,4,12 
2.6. Data Analysis 
Data analysis was carried out using custom software written in R (version 3.4.1), 
previously described in more detail.3 Briefly, microring resonator chromatograms typically 
show an averaged responses from 4-128 microrings depending on the experiment. The 
averaged signal intensity is plotted as a function of time which is further smoothed and 
baseline corrected using a Whittaker smoothing function13 and an asymmetrically 
reweighted least-squares (arPLS) approach.14  
3. Results and Discussion 
3.1. Designing a Wall-Jet Flow Cell for the Microring Resonator Platform  
 The microring resonator flow cell sits under the instrument’s optical head in very 
close proximity. Positioning of the flow cell with regards to the optical head needs to be 
exact for consistent performance, and built in alignment features allow for positioning to 
be very robust. With this in mind it was very important to keep certain aspects of the 
existing flow cell and maintain the same footprint with new designs in order to not interfere 
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with instrument performance. As a result the base of the flow cell, which has several 
alignment features, was used as it exists and the actual geometry changes to incorporate 
a wall-jet came from newly designed flow cell lids (Figure 3-1) and gaskets (Figure 3-2). 
The design progression of the flow cell lids in presented in Figure 3-1, with the original 
design illustrated in Figure 3-1A and the flow path shown in Figure 3-1F. As for the gasket 
designs, Figure 3-2A shows the design progression with design 0 illustrating the original 
gasket design. 
3.2. Testing Operation and Optimization of the First Wall-Jet Flow Cell Design  
 The first wall-jet design is shown in Figure 3-1 B and G. With this design the inlet 
of the bottom fluidic channel of the flow cell lid was extended into the top channel and 
then dropped down so that the inlet would be in-line with the outlet. The angle of the flow 
cell lid ports was maintained from the original design, and because of this the new inlet 
did not fall in the middle of the chip, rather it was offset to the right. This feature brought 
on many early challenges. The shorter flow path was often favored which meant we were 
not seeing an equal split in flow. To combat this the outlet tubing length was manually 
adjusted until equal flow rates were measured out of both outlets. 
 Once flow rates out the outlets were balanced with the first wall-jet design, the 
operation of the new flow cell was investigated with the original gasket. Here two different 
flow rates 0.6 mL/min and 0.9 mL/min were used for the analysis of 0.2 mg injections of 
various polystyrene standards. The chromatograms obtained are presented in Figure 3-
3, where Figure 3-3A is the original flow cell (0.6 mL/min), Figure 3-3B is the first wall-jet 
design operated at 0.6 mL/min, and Figure 3-3C in the first wall-jet design operated at 0.9 
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mL/min. All three chromatograms present comparable detection, initial inspection shows 
the expected molecular weight trend in Figure 3-3A and possible deviation from this trend 
in Figure 3-3B and C. However, comparing the actual peak areas, Figure 3-4, shows that 
this is most likely not the case since the trends look mostly the same. Figure 3-4C does 
show that the peak areas of the chromatogram obtained with the wall-jet operated at 0.9 
mL/min to have minimally increased peak sizes over the other chromatogram however, 
this is mostly attributed to the flow rate rather than the alternative flow cell geometry. This 
logic is further verified by investigating the cluster dependence of the wall-jet signal at this 
0.9 mL/min flow rate (Figure 3-5). In other words, if we were seeing increased mass 
transfer with the 1st wall-jet design when operated at 0.9 mL/min we would expect this 
effect to be greatest at the actual junction of where our inlet meets our microring resonator 
chip. Given the offset design of our flow cell lid we would expect our inlet to drop down 
around cluster 28 and in Figure 3-5 we show the average peak area per cluster. It is 
observed here that there is fairly consistent peak areas across the whole channel with no 
obvious dependence of proximity to the inlet. Concluding on this it appears that we are 
seeing little to no change with the utilization of our 1st wall-jet design under these 
experimental conditions, consequently some design considerations were reconsidered. 
 An often-mentioned feature of wall-jet geometry devices is the dimension of the 
outlet channel with regards to the inlet channel. Previous research recommends having 
an outlet channel that is at least equivalent in size to the inlet.10 This was not something 
we were achieving. For Figures 3-5 our inlet dimension was 0.4 mm and our outlet 
dimension was 0.16 mm. With this is mind we redesigned the gaskets within our flow cell. 
The original design “0” is presented in Figure 3-2 and the new designs “1” and “2” are 
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presented as well. The goal of the new designs was to eliminate the confining channels 
and increase the gasket thickness to achieve an outlet which is larger than the inlet to 
better promote a wall-jet effect.  
3.3. Exploring the First Wall-Jet Flow Cell Design With an Alternative Fluidic Gasket 
The first wall-jet design was revisited using a new gasket design (design 1 of Figure 
3-2), and the obtained chromatogram is shown in Figure 3-6B. Here the inlet dimension 
remained the same, 0.4 mm, however the outlet dimension of the wall-jet flow cell was 
increased significantly to 0.75 mm. The chromatogram presented in Figure 3-6A utilized 
the original flow cell lid (design 0) and gasket (design 0). A comparison of the two designs 
is provided in Figure 3-6C, where it can be observed that the peak areas obtained vary 
slightly even though the experimental conditions/sample concentrations are identical. The 
original flow cell shows the expected molecular weight dependence whereas the wall-jet 
flow cell exhibits less of an obvious molecular weight trend. Other observations that can 
be made is that the wall-jet peak areas tend to have larger error bars, which may mean 
that with our new flow cell we experience more variation in its performance. However, the 
more comparable peak areas across the significant molecular weight range seen with the 
wall-jet flow cell is still a potential promising improvement.  
3.4. Testing Operation of the Second Wall-Jet Flow Cell Design  
 Although some promising improvements were observed, our confidence in the 
reproducibility was still a concern. The performance of this flow cell design seemed 
variable most likely due to the manual balancing of flow rates out of the two outlets, which 
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is simply due to the off-center inlet. Therefore, because of these concerns the flow cell 
was redesigned to center the inlet. The 2nd new wall-jet flow cell is presented in Figure 3-
1C and the flow diagram is presented in Figure 3-1H. With this design the inlet comes in 
through the top fluidic channel and drops down in the center of the top channel with the 
outlets out the two ports of the bottom channel. Initial fluidic testing of this 2nd wall-jet flow 
cell and new gasket design 1 (Figure 3-2A) showed more balanced outlet flow rates which 
was promising for pursuing this design further. The obtained chromatogram with this 
combination, wall-jet flow cell lid design 2 and new gasket design 1, is presented in Figure 
3-7C. Figure 3-7A shows the chromatogram obtained with the original flow cell and Figure 
3-7B shows the chromatogram obtained with the 1st wall-jet flow cell. The integrated peak 
areas and peak heights from these experiments are seen in Figure 3-8. Looking at both 
peak areas (Figure 3-8A) and peak heights (Figure 3-8B) it is observed that design 2 
shows minimal increase in both metrics. However, the molecular weight fall-off remains 
very reproducible regardless of the design.  
3.5. Testing Operation of the Third and Fourth Wall-Jet Flow Cell Design  
 The designs of our first two wall-jet flow lids were heavily limited by the constrains 
of the machining method. These wall-jet lids were made in the University of Michigan 
Machine Shop which means that the fluidic ports were manually drilled through Teflon, 
and so the length of the channels was limited by the length of the drill bit and the 90° 
angle integrity was dependent on the skill of the operator. Given these limitations and the 
numerous challenges along the way we sought an alternative method for constructing our 
flow cell lids, and chose 3-D printing. A redesigned wall-jet flow cell lid used a centered 
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outlet. We also sought to improve upon the prior designs, including having the two outlets 
in-line with the inlet (within the same channel) and eliminate the right angle of the inlet. 
We expected that these abrupt change in right angle flow path could potentially be 
disrupting any possible mass transfer improvements. That being said the inlet of wall-jet 
designs 3 and 4 replace the right angle channel with a curved fluidic path. Figure 3-9 
presents the collected chromatograms using the last two wall-jet flow cell designs and the 
2 new gasket designs. Results from wall-jet design 3 can be seen in Figure 3-9B, while 
results from wall-jet design 4 can be seen in Figure 3-9C and results obtained with the 
original flow cell design can be seen in Figure 3-9A. It is important to point out that 3-D 
printing gave us more freedom in our design, but with a compromise in solvent 
compatibility. The experiments presented prior to this point used a THF mobile phase 
whereas the results shown in Figure 3-9 employed ethyl acetate as the mobile phase 
since it was compatible with the 3-D printed material. This solvent change did not 
compromise the collected data, which is verified by comparing Figure 3-9A to Figures 3-
9B-C. With this comparison we see very comparable chromatograms, arguably we are 
seeing minimally increased peak heights and reduced noise in the baseline with the 
final/4th wall-jet flow cell design. However, these improvements are again minimal and the 
molecular weight trend seems unchanged as indicated by the peak height fall-off with 
increasing molecular weight.  
4. Conclusion 
We have thoroughly explored a series of flow cell designs to employ a wall-jet inlet 
in the hopes of improving the mass transfer of large molecular weight polymers. Through 
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all the data that has been collected we have observed uncompromised chromatograms, 
however the molecular weight trend has shown to be heavily reproducible, as illustrated 
further in Figure 3-10. Here we can see that regardless of the fluidic delivery to the 
microring resonators there remains the challenge of decreased sensitivity to larger 
molecular weight polymers. There are variations in peak areas calculated from flow cell 
to flow cell. Any observed differences lack statistical significance to conclude that 
changes in flow cell geometry provide improved sensitivity toward larger polymer solutes.  
Therefore, with these conclusions, at this present time we have stopped ongoing 
experiments that utilize an alternative flow cell for the improvement of the mass transfer 
of large molecular weight molecules. Future work includes modeling the flow of the 
various presented flow cell designs to determine if we were ever experiencing increased 
mass transfer or a “wall-jet effect.” It is possible that our channel dimensions and/or device 
footprint is not conducive to allowing such an effect, if this is the case we hope that with 
the help of modeling we can better determine the necessary factors needed in order to 
promote an enhanced mass transfer. Additionally, investigating the microring resonators 
response to polymer chains which have experienced shear deformation could also 
provide valuable insight into the molecular weight dependence. The potential of once 
again pursuing this challenge experimentally persists however the decreased evanescent 
field strength is likely a significant contributor to this trend.  
With original observation of the microring resonator’s molecular weight 
dependence, it was hypothesized that both the size of the evanescent field relative to the 
polymer in solution as well as limited mass transfer for larger molecular weights were 
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contributing factors.3 Given that the presented approach for enhancing the mass transfer 
of large molecular weight polymers was heavily reproducible, it can be concluded that the 
main contributing factor of this trend is decreased evanescent field strength. In other 
words, even with enhanced mass transfer the microring resonators will likely lack 
sensitivity for polymers with 2Rg greater than or equal to 25 nm, which is the approximate 
distance from the sensor surface where there is a deviation from linearity.3 However, 
given that this trend has proven to be highly reproducible, tracking heavily with the 
dimensions of the evanescent field, active consideration is going into mathematically 




Figure 3-1: Series of Wall-Jet Flow Cell Designs. (A) Skeleton sketch generated with 
AutoCAD of the original flow cell lid. (B-E) Skeleton sketch generated with AutoCAD of a 
series of wall-jet flow cell designs. (F) Schematic of the flow path of the original flow cell 
design. (G-J) Schematic of the flow path of a series of wall-jet flow cell designs. 
































Figure 3-2: Series of Wall-Jet Gasket Designs. (A) Illustrations of gasket designs: 0 
Original 2-channel gasket, 1 and 2 new gasket designs eliminating channel confinement 
of flow. (B) Shows a photo of gasket 1 over a microring resonator chip.  
 
  

















Figure 3-3: Chromatogram Comparison Between Original and First Wall-Jet Flow 
Cell Designs. (A) Representative chromatogram of a single microring resonator cluster 
obtained with the original flow cell design. (B-C) Representative chromatogram of a single 
microring resonator cluster obtained with the 1st wall-jet flow cell design. (A) and (B) use 
identical experimental conditions at a 0.6 mL/min flow rate (C) uses a faster flow rate of 























Figure 3-4: Peak Area Comparison Between Original and First Wall-Jet Flow Cell 
Designs. (A) Peak areas obtained with original flow cell design. (B-C) Peak areas 
obtained with fist wall-jet flow cell design. (A) and (B)  use identical experimental 
conditions at a 0.6 mL/min flow rate (C) uses a faster flow rate of 0.9 mL/min, all 


















































Figure 3-5: Investigating Cluster Dependence of First Wall-Jet Flow Cell Design. 
Histogram showing peak areas per cluster obtained using the 1st wall-jet flow cell design 

















Microring Resonator Ring Cluster






















Figure 3-6: Obtained Chromatogram with First Wall-Jet Flow Cell Designs and New 
Gasket. (A) Chromatogram obtained using original flow cell design and conventional 2 
channel gasket. (B) Chromatogram obtained using 1st wall-jet flow cell design and new 
gasket design 1 from Figure 3-2. (A) and (B) use identical experimental conditions at a 




























































Figure 3-7: Chromatogram Comparison Between Original, First and Second Wall-
Jet Flow Cell Designs. (A) Representative chromatogram obtained with the original flow 
cell design and original 2-channel gasket. (B) Representative chromatogram obtained 
with the 1st wall-jet flow cell design and 1st new gasket design. (C) Representative 






















Figure 3-8: Peak Comparison Between Original, First and Second Wall-Jet Flow Cell 
Designs. (A) Illustrates a peak area comparison for the first two wall-jet designs to the 
original flow cell. (B) Illustrates a peak height comparison for the first two wall-jet designs 






































































Figure 3-9: Chromatogram Comparison of Final Wall-Jet Designs. (A) Chromatogram 
obtained with original flow cell design. (B) Chromatogram obtained with 3rd wall-jet flow 
cell design and 2nd new gasket design. (C) Chromatogram obtained with 4th wall-jet flow 


























Figure 3-10: Peak Area Comparison of Series of Wall-Jet Designs. (A) Plotting peak 
area against log of molecular weight for a series of flow cell designs shows the 
reproducibility of the microring resonators molecular weight trend. (B) The same data 
































● ● Original Design
● Wall-Jet Design 1 
● ● Wall-Jet Design 3
● Wall-Jet Design 4 
● ● Original Design
● Wall-Jet Design 1 
● ● Wall-Jet Design 3
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Abstract 
This chapter describes the design, prototyping, and testing of a high temperature 
flow cell as part of a University Partnership Initiative (UPI) in collaboration with Prof. Ryan 
Bailey’s research group at the University of Michigan. The purpose of the UPI was to 
develop a gradient compatible linear mass concentration detector for applications in 
polymer separations. The detector consists of silicon photonic microring resonators, a 
class of whispering gallery mode sensors with exquisite surface sensitivity. Polyolefins 
are of greatest interest to Dow as related to this detector, but polyolefin separations place 
significant design constraints on the detection, due to detector operation at elevated 
temperature and chemical resistance to strong organic solvents (e.g., trichlorobenzene). 
To adapt the microring resonator platform for polyolefin separations, a new flow cell was 
needed that could withstand the harsh experimental conditions. The flow cell was 
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successfully built and tested internally. During testing, it was observed that the detector 
has significantly reduced performance at higher temperatures. Possible avenues to 
improve detector performance are described here. 
1. Introduction 
A university partnership initiative (UPI) in partnership with Prof. Ryan Bailey’s 
research group at the University of Michigan aimed at expanding the detectors that could 
be used for polyolefin analysis. The goal of the UPI was to develop a gradient compatible 
concentration detector. The detector could have broad applications for polymer 
separation, but the focus was on polyolefins. Characterizing the molecular architecture of 
polyolefins requires a suite of analytical methods. Critical components of polyolefin 
characterization include molecular weight distribution (MWD) and chemical composition 
distribution (CCD), commonly referred to as short chain branding distribution. Separations 
methods are widely used for characterizing these distributional measurements.  
High performance liquid chromatography (HPLC) detection methods for polyolefin 
separations are constrained by the elevated temperatures required to analyze samples. 
Polyolefin separations require elevated temperatures to dissolve samples for analysis. 
For most samples, temperatures requirements exceed 130 oC and can be as high as 180 
oC. Elevated temperatures limit the detectors available for these separations, as most 
manufacturers do not build detectors capable of withstanding such harsh conditions. 
Additionally, most detectors used for high temperature separations are placed into a 
detector oven, which adds geometrical and size constraints to the detector footprint.  
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There are five detectors that are in current use within industry for high temperature 
applications: light scattering (LS), infrared (IR), capillary viscometer (CV), ultraviolet (UV), 
and evaporative light scattering (ELSD) detectors. LS, IR, and viscometer detectors are 
placed into a detector oven, such as the separations system from PolymerChar (Valencia, 
Spain) or the PL-220 from Agilent (Santa Clara, CA). ELSD and UV detectors operate as 
standalone models with independent heating control and heated transfer lines. For all 
detectors, most sensitive electronic components (e.g., control boards) of the detectors 
are kept in a separate compartment at near ambient temperature. 
For the UPI work, silicon photonic microring resonators were proposed as the 
detector to achieve linear mass concentration detection under gradient conditions. 
Microring resonator arrays are a class of refractive index (RI) sensitive detectors that are 
part of analytical sensors known as whispering gallery mode optical resonators.1 The 
advantage of the microring resonator platform is the exquisite surface sensitivity (1 x 10-
7 RIU) combined with an enormous dynamic range (>0.1 RIU). A number of recent reports 
detail progress toward the development of this detection platform.2,3  
The experiment conditions for polyolefin separations required the development of 
a flow cell that could withstand the elevated temperatures (up to 180°C) and solvents that 
dissolve materials currently used in flow cell construction (e.g., polyetheretherketone 
(PEEK), polytetrafluoroethylene (PTFE), polypropylene). In collaboration with Dow’s Tool 
and Dye Shop, a series of prototype materials were designed, built, and evaluated in-
house. The following results detail the various designs and highlight key learnings as part 
of the prototyping process. Importantly, these learnings of high temperature flow cells are 
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not limited to the development of polymer separation detectors. This is because many 
analytical methods for polyolefins require elevated temperatures and strong organic 
solvents, lessons from this work are likely broadly applicable to analytical measurements, 
automation, and robotics for polyolefins. 
2. Experimental Procedures 
2.2. Chemicals and Materials 
All chemicals for this study were purchased from ThermoFisher Scientific 
(Waltham, MA). Trichlorobenzene (TDB) was used a solvent. Prior to use, TCB was 
supplemented with 200 ppm of ionol (butylated hydroxytoluene [BHT]) as an antioxidant. 
Previous lots of TCB contained particulate matter that interfered with light scattering 
detection. After the addition of ionol, TCB underwent recirculation through a 0.07 µm 
nylon filter from Pall Corporation (Port Washington, NY) for a minimum of 3 hours prior to 
use. 
2.3. Microring Resonator Detection Platform 
Microring resonator sensor array chips and Maverick M1 detection system were 
purchased from Genalyte Inc. (San Diego, CA). Sensor fabrication and instrument 
operation have been described previously.4 Briefly, the sensor array chips are batch 
fabricated on silicon-on-insulator wafers using deep UV photolithography. Each chip 
contains 128 individually addressable microring sensors. A schematic of a sensor chip is 
provided in Figure 4-1A. Sensors are serially interrogated using a tunable infrared laser 
centered at 1550 nm. Light is coupled onto the chip via free space coupling with grating 
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couplers from an optical head directly above the chip surface. Light transmittance through 
the sensor chip is continuously monitored. Under specific resonance conditions define by 
the following equation results in dips in the transmittance signal at narrow wavelengths: 
𝑚𝜆+89 = 2𝜋𝑟𝑛:;;  Equation 1 
where 𝜆+89 is the resonant wavelength, 𝑚 is an integer, 2𝜋𝑟 is the circumference of the 
microring sensor, and 𝑛:;; is the effective RI at the sensor surface. Changes in 𝑛:;; at the 
sensor surface result in changes in 𝜆+89, which is monitored over time. In this way, each 
microring resonator sensor operates as a RI sensor sensitive to RI changes at the sensor 
surface. A schematic of sensor operation is provided in Figure 4-1B-C. Additional details 
on instrument components including the flow cell are provided below. The components 
for the ambient temperature flow cell were purchased from Genalyte. All high temperature 
flow cell components were fabricated in-house. 
3. Results and Discussion 
3.1. Ambient Temperature Flow Cell Design 
Solvent is guided across the sensor surface with a fluidic assembly. This assembly 
sandwiches the sensor chip between a cartridge base and a fluidic gasket. A cartridge 
top secures the gasket atop the sensor chip and allowed for chip-to-world connections for 
easy interfacing to other instrumentation or pumps. The cartridge holder was machined 
from aluminum and the sensor chip was placed in a cut out. The base snaps into the 
instrument below the optical head for fast and reproducible optical alignment. The fluidic 
gasket was laser cut from 0.007” biaxially oriented polyethylene terephthalate (Mylar®), 
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and the cartridge top was fabricated from polytetrafluoroethylene (PTFE/Teflon). 
Schematics of flow cell components are provided in Figure 4-2. 
3.2. Material Selection for High Temperature Flow Cell Design 
The material choice for the high temperature flow cell was guided by two 
characteristics: (1) chemical resistance to solvents for high temperature polymer 
separations and (2) stable operation at temperatures up to 180°C. The gasket and 
cartridge top components of the ambient temperature flow cell met neither criterion. 
Stainless steel was chosen for the cartridge top and was machined in-house by the Tool 
& Dye shop at Dow. The cartridge base was also machined at Dow out of stainless steel, 
replacing the original anodized aluminum base. Kalrez ® and VitonTM were chosen as 
gasket materials. These are fluoropolymer rubbers that can be manufactured as thin 
sheets. The gasket consists of an optical window and two fluidic channels, which were 
added using a punch. The punch was also machined in-house at Dow. 
3.3. 1st Generation High Temperature Flow Cell 
The first-generation flow cell was designed to position the cartridge heater away 
from the cartridge top to prevent contact between the heater and solvents. This consisted 
of a winged flow cell design where the one wing held the temperature probe, and the 
other wing held the cartridge heater. See Figure 4-3 for a schematic of this design. 
Initial testing indicated that the heat transfer across the flow cell was slow. 
Consequently, the zone near the cartridge heater reached extreme heats (>300 °C) with 
only slight changes observed for the temperature probe zone. Additionally, the anodized 
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aluminum flow cell handle heated much faster than the rest of the flow cell. Table 4-1 
provides a table of heat transfer coefficients for materials used in the flow cell 
construction. The low thermal conductivity of stainless steel was judged to be too slow to 
allow for effective temperature control for the cell. 
3.4. 2nd Generation High Temperature Flow Cell 
The second-generation design sought to address the poor heat transfer of 
stainless steel by placing the cartridge heater and temperature probe in the cartridge top 
(Figure 4-4). The cartridge top has both inlet and outlet for the solvent and is of greatest 
concern to maintain temperature. The ambient temperature flow cell contains 4 fluidic 
ports: two inlets and two outlets (see Figure 4-2). For this design, the bottom two fluidic 
ports were replaced with ports for the cartridge heater and temperature probe, and the 
schematic presented in Figure 4-4. However, given the size constraints of the cartridge 
top, only a portion of the heater fit into the top. As such, the heater produced a significant 
amount of heat that caused significant oxidation to the heater probe itself and posed a 
significant fire hazard even when set to modest temperature settings (e.g., 60 °C). Note 
that in the 1st and 2nd generation prototyping phase, no flammable solvents were 
introduced into the flow cell because of solvent proximity to the heater. 
To address the safety concern of the exposed heater, a stainless steel piece was 
added to the flow cell for both the heater and temperature probe (Figure 4-5). This 
assisted with securing the components in place, but heat transfer to the cartridge top was 
still poor. The temperature differential between the cartridge top and heater sheathing 
was >60°C. As such, this design was untenable. 
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The key learnings from the second-generation design was that: (1) the cartridge 
heater must be fully enclosed in the flow cell for safety concerns and (2) the temperature 
probe and heater must be in direct proximity for adequate temperature control. 
3.5. 3rd Generation High Temperature Flow Cell 
The final iteration of the high temperature flow cell design enabled successful 
operation of the microring resonator system at temperature. The design was a hybrid of 
the 1st and 2nd generation experiments. This design included two cartridge heaters and 
two temperature probes in the winged format from the 1st generation (Figure 4-3). Each 
probe was placed next to each heater. This was done to prevent overheating of parts of 
the flow cell near the heater and avoids prolong waiting periods for the thermal 
equilibration. As in the 1st generation design, the heated portions of the flow cell were 
separated from the fluidic connections to minimize potential fire hazards with flammable 
solvents. A schematic of the third-generation design is provided in Figure 4-6. 
The initial testing of the 3rd generation prototype on the benchtop (i.e., not placed 
into the microring resonator instrument) found an approximately 50 °C temperature 
difference between ends where the heater and temperature probes are located and the 
cartridge top. The cartridge top reached 60 °C with the temperature controller set to 120 
°C. When placed into the instrument the temperature difference between heater and 
cartridge top was reduced to 20 °C after a 15 minute thermal equilibration period. 
However, significant heat was lost to the surrounding area. 
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To minimize heat loss, woven fiberglass insulation was placed around the flow cell 
(insulation can be observed in Figure 4-9). This resulted in the cartridge reaching 95 °C 
with the temperature controllers set to 180 °C after a 20 minute thermal equilibration. 
However, insulation of the flow cell caused issues with instrument operation. This was 
attributed to insulation particles on the optical head interfering the positional registration 
of the laser. This was solved with periodic cleaning of the optical head, but insulation was 
eventually abandoned because of the registration issues that it caused. 
3.6. Microring Resonator Instrument Operation at Elevated Temperature 
3.6.1. Sensor Operation at 100 °C  
 To first probe the quality of sensor operation at temperature, the flow cell 
temperature was held to 100 °C in air (i.e., no solvent flowing). This resulted in continuous 
oscillation of the sensor response (Figure 4-7). The variable response was attributed to 
temperature oscillations caused by the temperature controllers attempting to maintain the 
fixed temperature. This could pose a significant challenge for subsequent polymer 
chromatography. For reference, typical microring resonator response from polystyrene 
standards is on the order of 10 pm. If the oscillations are reproducible across both 
channels (see Figure 4-1A), one channel could be used as a reference to remove 
temperature-driven signal response. Additionally, the temperature controller 
manufacturer (Fluke Corporation, Everett, WA) recommends that the heating area is well 
insulated with a continuous airflow. These requirements are not feasible for these initial 
prototyping experiments. 
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3.6.2. Sensor Operation Under Dynamic Temperature Conditions  
Unpublished results from Prof. Bailey’s lab had previously indicated stable 
operation of the platform at temperatures near 100 °C, but thermal cycling or temperature 
ramping at temperatures above 100 °C were unknown. To determine sensor robustness 
to changing temperatures, data collection was started under ambient conditions followed 
by setting the temperature controller to a modest 30 °C and increasing at 10 °C 
increments once thermal equilibrium was reached at a given setting. Figure 4-8 shows 
the effect of increasing temperature during data acquisition. For the lower temperatures 
(<40 °C), the signal response is uniform across the rings with minimal deviation in the 
signal over time. However, as the temperature continues to increase, the variance of the 
ring response continues to increase. Additionally, of the 64 ring sensor being actively 
monitored, only 5 rings produced useable responses during the course of the full run. 
Comparatively, in a standard run with aqueous solutions under ambient conditions, all 
128 rings remain usable for more than 4 hours of continuous data acquisition. 
Consequently, the temperature variation appears to play a significant role in sensor 
operation. 
3.6.3. Flowing Hot Trichlorobenzene through the Flow Cell  
The dynamic temperature conditions resulted in poor sensor performance, but 
detector temperature is typically fixed for high temperature polymer separations. To 
assess sensor performance under relevant conditions, trichlorobenzene (TCB) was 
used a solvent. The TCB was pumped using a PolymerChar (Valencia, Spain) unit 
maintained at 160 °C, and a heated transfer line was used to connect the eluent from 
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the PolymerChar system to the flow cell inlet (Figure 4-9). The top picture here shows 
the side view of the flow cell in the flow cell holder, and the bottown shows a head-on 
perspective of the same setup. 
Leaking occurred at flow rates exceeding 0.2 mL/min. With the Mylar gasket from 
the ambient flow cell, leaking can be addressed by increased tightening of the fluidic 
assembly using the 3 screws in the cartridge top. However, additional tightening with the 
Kalrez® gaskets appears to compress the fluidic channels and cause leaking. To prevent 
leaking, the screws were tightened enough to hold the cartridge top in place but not so 
much that it compressed the fluidic channels. Proper tightening was determined through 
trial and error, but no leaking was observed after more than an hour of flow at 1 mL/min 
after the optimal tightness was found. 
After the leaking issue was addressed, proper registration of the laser beam with 
the grating couplers on the chip emerged as another limiting factor. It was observed that 
flowing TCB through the flow cell caused the Kalrez® gasket to swell. The gasket 
expansion extended onto the grating couplers. The grating couplers are used for the free 
space coupling of the laser light onto the sensor chip, and any obstruction of this region 
of the chip prevents sensor operation. An alternative fluoropolymer elastomer material 
was then tested to circumvent the swelling issue. VitonTM appeared to swell more slowly 
than the Kalrez® material but swelling occurred nonetheless. The solution to the 
registration issues was to remove a portion of the gasket material between the optical 
window and the first fluidic channel (Figure 4-10). 
3.6.4. Sensor Operation at High Temperature with Flowing Trichlorobenzene 
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With the solvent leaking and registration issues addressed, sensor operation could 
be tested under relevant temperature and solvent conditions for high temperature 
separations. Compared to a conventional detector, the amount of instrumentation 
required to operate the detector was remarkable. Figure 4-11 is an image taken of the 
entire assembly with TCB flowing through the flow cell. Importantly, a commercial version 
of the detector would not be feasible with such extensive equipment. 
Unfortunately, the diminished performance observed at 100 °C in air were worse 
at 160 °C with flowing heated TCB. An example of detector performance under th 
conditions is provided in Figure 4-12. The data included Figure 4-7 and Figure 4-8 
removed poorly performing microring sensors from the provided plots. In Figure 4-12, all 
microrings are included in the plot, with each sensor having a unique color. The beginning 
of the run shows a general increase in sensor response oscillating in a similar manor as 
observed in Figure 4-7. However, over the course of the run, the response from the 
majority of rings becomes unusable. After less than 1 hour of flowing TCB, all but 64 of 
the microrings is lost. The microring sensor loss is reproducible and all microring sensors 
are lost within 2 hours after beginning data acquisition. 
The cause of reduced performance at elevated temperatures is unclear. One 
hypothesis is that the increased temperature of the air gap between the optical head and 
grating couplers causes poor coupling of the light onto the chip. The coupling efficiency 
onto the chip varies exponentially with insertion angle. Therefore, a significant increase 
in temperature could alter the coupling angle by changing the RI of the air. Alternatively, 
light propagation in the linear waveguides is dependent upon the RI contrast between the 
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sensor chip and the environment directly at the sensor surface. The higher refractive 
index of TCB (1.57) versus aqueous solutions (1.3-1.4) could provide poorer confinement 
of light in the waveguides. 
4. Conclusions and Future Directions 
The design, prototyping, and testing of the high temperature flow cell for the 
microring resonator detection platform was able to successfully operate under the 
experimental conditions demanded for polyolefin separations. However, an undetermined 
aspect of the experimental setup described in more detail below prevented polyolefin 
separations with the current flow cell prototype because of the degraded sensor 
performance. 
There are several possible avenues that could improve the sensor performance. 
The most important next step is to identify the key drivers of reduced performance. The 
variables to consider are temperature, temperature variation, and solvent. Adding an 
insulation housing for the flow cell would substantially reduce the temperature oscillations 
during a run. Reduced temperature fluctuation would allow for assessment of whether the 
poor sensor performance is caused by elevated temperatures, temperature oscillations, 
or a combination of the two. If the insertion angle of light into the gradient couplers is the 
issue, this could be solved by altering the optical head positioning, though this would likely 
confine sensor operation to either high temperature or ambient sensor operation but not 
both. If TCB is the cause of poor ring performance independent of gasket swelling, various 




Figure 4-1. Microring Resonator Sensor Array Chip Layout and Schematic of 
Sensor Operation. (A) The schematic of the sensor layout consists of 2 fluidic channels 
and each channel consists of 32 clusters of 4 microring sensor. (B) Under non-resonance 
conditions, light propagates down the waveguide and does not couple into the microring. 
The resonance condition shows light coupling into the microring and attenuation of light 
that continues to propagate down the waveguide. (C) Upon a shift in RI at the sensor 
surface (for example analyte elution) the resonant wavelength (𝝀𝒓𝒆𝒔) will shift (see 
Equation 1), and shifts in resonant wavelength are monitored over time. Reprinted with 
permission from J. H. Wade, R. C. Bailey, Refractive Index-Based Detection of Gradient 
Elution Liquid Chromatography using Chip-Integrated Microring Resonator Arrays. 
Analytical Chemistry 86, 913-919 (2014); published online 2014/01/07 



































Figure 4-5. Second-Generation Flow Cell Prototype Testing. The images show the 
flow cell placed into the microring resonator instrument. The optical head must be directly 
above the sensor chip for instrument operation, which placed significant constraints on 










Figure 4-7. Microring Resonator Array Response at Elevated Temperature (100°C). 
Each trace corresponds to a single ring of the 128 on the sensor chip. This is a subset of 
the 10 best performing rings at 100°C. The periodic oscillations are caused by the 








Figure 4-9. Flow Cell Placed into Microring Resonator Instrument. The flow cell with 
heated transfer line connected and insulated. The top image shows the side view of the 
flow cell in the flow cell holder, and the bottown shows a head-on perspective of the same 
















Figure 4-10. Fluidic Gasket Schematic. Due to gasket swelling issues material which 




Figure 4-11. Complete Detector Assembly with Temperture Controllers.  
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Figure 4-12. Microring Resonator Sensor Operation at 160°C and Flowing TCB. 
Signal is no longer useable under these conditions. Each microring has a unique color. 
  
 144 




(W m-1 K-1) Flow Cell Component 
Stainless Steel 16-24 Cartridge base and top 
Aluminum 160-220 Cartridge handle and instrument body 
SOI wafer 0.5-1.4 Sensor Chip 
Mylar 0.15-0.4 Fluidic Gasket 
Kalrez 0.17-0.19 Fluidic Gasket 
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Abstract 
Characterization of copolymers requires the measurement of two distributions—
molecular weight (MW) and chemical composition (CC). Molecular weight distributions 
(MWD) are traditionally determined using size exclusion chromatography (SEC) run 
under isocratic solvent conditions. Chemical composition distributions (CCD) are often 
determined using liquid adsorption chromatography (LC) with solvent gradients. The use 
of solvent gradients, however, often limits options of compatible detectors. A gradient 
compatible, universal linear mass concentration detector is a longstanding unmet need. 
Many industrially-relevant polymers lack chromophores or other discriminating moieties 
requiring detectors with a universal response. Differential refractive index (dRI) is 
incompatible with gradient elution due to its small dynamic range. Charged aerosol 
detectors (CAD) and evaporative light scattering detectors (ELSD) are probably the most 
promising options for gradient elution detection, but both suffer from a non-linear mass 
concentration response and a solvent dependence. Silicon photonic microring resonators 
are optical sensors that are responsive to changes in the local refractive index (RI). The 
substantial dynamic range of this technology makes it attractive for refractive index-based 
detection during solvent gradient elution. Previously, the microring resonator platform was 
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used as a SEC detector to characterize the MWD of broadly dispersed polystyrene (PS) 
standards. In this study, we demonstrate the gradient compatibility of the microring 
resonator platform for polymer detection by quantifying the CCD of polymer blend 
components. Control experiments were run with UV and ELSD detection, highlighting the 
uniqueness of the platform as a linear mass concentration detector with a universal 
detector response.  
1. Introduction 
Characterizing polymeric samples by size, composition, structure, and purity can 
help solve many challenges in industrial polymer manufacturing. Comprehensive 
characterization of polymers requires a suite of analytical methods with the ultimate goal 
of establishing structure property relationships.1 Continuing advances in polymer 
chemistry and advanced manufacturing have enabled commercial viability of increasingly 
complex polymer systems. This complexity demands continued advances in polymer 
characterization methods.2 For instance, homopolymers such as polystyrene or high 
density polyethylene can be well characterized by molecular weight distributions (MWD).1 
The standard bearer for MWD determination is size exclusion chromatography (SEC) 
coupled to a UV/Visible (UV) or differential refractometer (dRI) for linear mass 
concentration detection.3-5  
Nearly all modern product development in the polymer industry involves copolymer 
commercialization because of the need for a balance of properties in most new materials. 
Polymers with two or more incorporated monomers leads to an inherent chemical 
composition distribution (CCD). Much like MWD, CCD dictates many physical properties 
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of polymers including melt temperature, thermal stability, solubility, and mechanical 
properties such as tensile strength.1,6 As such, CCD measurements are a vital component 
of copolymer characterization.  
Traditional techniques for characterizing chemical composition (CC) of copolymers 
include mass spectrometry (MS), various spectroscopic methods, and liquid 
chromatography (LC). MS and spectroscopic methods (e.g., NMR, FT-IR) provide an 
averaged measure of CC rather than a distribution. Given that copolymers are 
heterogeneous in both CC and MW, a compositional average does not provide the most 
comprehensive characterization.7 More informative distribution measurements require a 
separation of polymer components. Therefore, CC characterizations by MS or NMR often 
use preparative fractions obtained by SEC or LC, or these techniques are often 
hyphenated directly in-line with these separations methods.8-12 However, the complexity 
of these hyphenated techniques is such that gradient elution high performance liquid 
chromatography (HPLC) has emerged as the most commonly used approach for CCD 
measurements in practice.13  
Gradient elution LC achieves separations based on CC and functions by 
increasing the elution strength of the mobile phase throughout the experiment. Analytes 
with a high affinity for the stationary phase adsorb onto the column and are eluted once 
there is a higher affinity for the mobile phase.14 The challenge, however, with gradient LC 
is a lack of available/ compatible detectors.  
The most common options for GPC characterization of polymers include dRI, UV, 
charged aerosol detectors (CAD),4,15,16 and evaporative light scattering detectors 
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(ELSD);17-20 however, each of these has limitations for certain applications. dRI lacks the 
dynamic range to track the gradient baseline and obviously any analytes eluting during 
the gradient. UV detectors, widely used in gradient LC, give linear mass concentration 
response, but many industrial polymers, including polyolefins, polyacrylates, and 
polyalkoxides lack chromo- phores.21 Because of their universal response, CAD and 
ELSD are preferred as gradient compatible detectors for polymer analysis. Both CAD and 
ELSD nebulize and evaporate off the mobile phase prior to detection, but they give a non-
linear response as a function of polymer concentration and solvent composition. This non-
linearity is a major limitation of both CAD and ELSD for industrial polymer CCD as it 
substantially complicates quantitative measurements.20,22,23 It is important to mention that 
one approach to overcoming ELSD non-linearity is actually linearizing the response. This 
is often done by applying a correction to the ELSD signal and has been shown to give 
good correlation with isocratic GPC data compared to traditional detectors.24  
Silicon photonic microring resonators are a type of whispering gallery mode optical 
sensor that detects small changes in refractive index (RI) at the sensor surface.25 The 
microring resonator platform offers a very large RI dynamic range making the sensor 
gradient compatible, as has been previously demonstrated.26 This is in contrast to 
conventional dRI detectors, which are not gradient compatible because of their small 
dynamic range. As a result, dRI detectors can only be used for CCD type measurements 
as a concentration detector for an isocratic dimension in concert with multidimensional 
separations.27  
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Typically, the microring resonator platform is implemented as a biosensor for 
monitoring molecular binding events on the sensor surface.25, 28-30 Much work has also 
been done interfacing similar optical resonator detectors with various separation methods 
such as gas chromatography31 and capillary electrophoresis,32-34 and recently a 
microwave interferometer was interfaced with HPLC for gradient separations.35 In 
addition, our previous work demonstrated the applicability of microring resonator platform 
for industrial polymer analysis. Here we interfaced SEC separations with the microring 
resonators to determine the MWD of broad range polystyrene (PS) standards. These 
experiments were performed in conjunction with separate dRI and UV experiments to 
demonstrate the agreement of MWD determined by the microrings to these conventional 
detectors.36  
Herein, we demonstrate the quantification of CC by utilizing the microring 
resonator platform as a RI based gradient elution detector. Using poly(styrene-co-methyl 
methacrylate) (PS-PMMA) copolymer standards, the microring resonator platform was 
calibrated for polystyrene (PS)/polymethacrylate (PMMA) composition. The mass linearity 
of the microring resonators was demonstrated and directly compared to identical 
experiments performed with UV and ELSD detection. Additionally, copolymer blends were 
created using the same PS-PMMA standards and these blends were analyzed using all 
three detection methods. The composition calibration allowed for identification of blend 
components, while mass calibrations allowed for quantification of the abundance of each 
component. These results demonstrate the versatility and applicability of the microring 
resonator platform for characterizing industrial polymers with a single detector.  
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2. Experimental  
2.1. Materials  
High purity solvents were all purchased from Sigma-Aldrich (St Louis, MO). 
Poly(styrene-co-methyl methacrylate) (PS-PMMA) standards were purchased from 
Polymer Source, Inc. (Dorval, QC). Polystyrene (PS) and polymethacrylate (PMMA) 
homopolymer standards were purchased from Agilent (Santa Clara, CA). All polymer 
standards were used as received. Four 10 mg mL−1 PS-PMMA standards varying in PS 
content (82%, 54%, 31%, and 14% mol PS, provided by vendor) were prepared in chloro- 
form and two 10 mg mL−1 homopolymer samples (70 kDa PS and 70 kDa PMMA) were 
prepared in chloroform.  
2.2. Microring Resonators  
The microring resonator system (Maverick M1 optical scanning instrumentation) 
and sensor array chips were purchased from Genalyte, Inc. (San Diego, CA). Detailed 
descriptions of sensor fabrication and instrument operation has been described 
elsewhere.26 Microring resonators are ring-shaped optical cavities of 30 μm diameter with 
adjacent linear waveguides. 128 individually addressable microring sensors are arranged 
in an array on a 4 mm × 6 mm chip. Sensor chips have a protective photoresist coating 
that is removed before use by successively immersing chips in acetone and isopropanol 
baths, followed by an acetone rinse.  
Each individual microring is probed by an external tunable cavity diode laser 
centered at 1550 nm. Optical transmission is monitored as a function of wavelength, and 
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where r is the ring radius, neff is the effective refractive index, and m is a constant. As the 
refractive index environment surrounding the sensor surface changes, such as analyte 
elution or a switching mobile phase composition, the resonant wavelength will shift. These 
changes in resonance wavelengths correspond to changes in neff which are monitored 
as a function of time and referred to as relative shift in units of delta picometers (Δpm).25,37 
2.3. HPLC  
Chromatographic separations were performed on a Waters Alliance e2695 
separation module (Milford, MA) equipped with a Waters 2489 UV/Visible detector and a 
Waters 2424 ELSD detector. A Kromasil (Bohus, Sweden) column was used for all 
separations. Column dimensions were 250 mm × 4.6 mm and the packing material was 
5 μm silica particles with 60 Å pores.20,38-40 A 0.4 mL min−1 flow rate was maintained for 
a gradient of 95% cyclohexane (spiked with 5% tetrahydrofuran (THF)) to 90% THF 
(Table 5-1) and the column oven was held at 35 °C. To increase mass on the column, 
multiple 5 μL injections of polymer were injected in isocratic mode using initial gradient 
conditions.41,42 This method was utilized to maintain small injections and prevent polymer 
breakthrough.43 The Waters 2489 UV/Visible detector wavelength was set to 260 nm with 
a sampling frequency of 10 Hz. The Waters 2424 ELSD detector operated at a gain of 
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20, gas pressure of 20 psi, drift tube temperature of 50 °C, and a nebulizer temperature 
of 12 °C.  
2.4. HPLC-Microring Resonator Interface  
The microring resonator cartridge was assembled by placing the sensor chip on 
an anodized aluminum cartridge base followed by a polyethylene terephthalate (Mylar) 
gasket and a polytetrafluoroethylene (Teflon) cartridge top. The Mylar gasket and Teflon 
cartridge top direct fluid flow across the chip and the whole assembly is secured together 
by screws. 1/16′′ PEEK tubing with a 0.25 mm flangeless 1/4-28 interface were used to 
couple the HPLC directly to the microring resonator cartridge, as described previously.36 
For a diagram of the cartridge assembly see Figure 5-1.  
Once assembled the cartridge can be handled much like a flow cell, with a volume 
of approximately 2 μL, requiring no further handling of the sensor chip. Additionally the 
chip which is composed of silicon dioxide is robust enough to be used repeatedly without 
degraded sensor performance. Fouling is often an issue with surface based sensors 
especially with biological applications, however that is not an area of concern here since 
with LC methods analytes only come in contact with the sensor chip once they are in 
favorable solvents which mitigate any affinity they might have for the surface.  
2.5. Data Analysis  
Data analysis was carried out using custom software written in R (version 3.4.1) 
and RStudio (version 1.0153). Chromatograms were obtained for all the detection 
methods by plotting signal intensity as a function of time. Microring resonator data was 
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obtained for each individual ring and individual ring responses were averaged to obtain 
the averaged response. This averaged raw data was then baseline corrected to account 
for the sloping baseline resulting from the continually changing mobile phase composition 
(Figure 5-2). The sloping baseline spans over a relative shift exceeding 800 Δpm, 
therefore peaks on a scale of 2–15 Δpm are initially obscured by the background baseline 
and overlapping traces (see Figure 5-2A and B). Peaks begin to become slightly visible 
by zooming in on the raw chromatogram, dashed lines are used to guide the eye toward 
peak location, (Figure 5-2B) but this is still not sufficient for any useful identification or 
quantification. An alternative plot of Figure 5-2B is presented with Figure 5-3, which allows 
for better visibility of peaks before correction. Baseline correction was necessary to 
remove the background baseline caused by the solvent gradient. Baseline correction was 
performed by fitting the sloping gradient observed in Figure 5-2B to a third order 
polynomial and subtracting the fit from the raw data (seen in Figure 5-2C). The resultant 
chromatogram was smoothed with a locally estimated scatterplot smoothing function 
(LOESS), a common smoothing function for time series data.44 The final corrected 
microring resonator chromatogram resembles chromatograms obtained by more 
traditional detectors, as shown in Figure 5-2D. All chromatographic calculations were 
performed on baseline corrected and smoothed data. Lastly, this baseline correction 
process is very robust since identical gradient methods will always observe the same RI 
change since this is a function of mobile phase, therefore baseline response is very 
reproducible making correction for this routine.  
3. Results and Discussion  
 156 
3.1. Gradient Separation of PS-PMMA Copolymers  
The described gradient method outlined in Table 5-1 was applied to 0.15 mg 
injections of PS-PMMA copolymer samples prepared in chloroform, and varying in PS 
content covering the full range of 100%–0% moles PS (0%–100% moles PMMA). Peaks 
begin to elute from the column with increasing THF content, with 100% PS eluting the 
earliest in the gradient given that it is the least polar. Therefore, elution order is highest 
to lowest PS content (lowest to highest PMMA content), with the 100% PMMA standard 
taking the longest to elute from the column. Detection of the described separation was 
implemented using three detection methods; microring resonators (Figure 5-4A), ELSD 
(Figure 5-4B) and UV (Figure 5-4C). UV and microring resonators were connected in 
series, ELSD data was obtained in a separate experiment due to the destructive nature 
of the detection technique. A chart of the used flow path can be found in Figure 5-5.  
A comparison of the UV, ELSD, and microring resonator detectors is shown in 
Figure 5-4. The most notable difference between the ELSD and microring resonator 
detectors is increased noise of the microring resonator chromatograms, where the 
average signal to noise ratio of the microrings is approximately 4 orders of magnitude 
smaller than UV and ELSD. This increased level of noise was somewhat expected since 
the microring resonator platform is held under ambient conditions susceptible to 
temperature fluctuations, whereas the UV and ELSD detectors are far less sensitive to 
temperature variations. The impact of temperature on the microring resonator signal has 
been discussed elsewhere, however, it is estimated that a 0.1 °C change in temperature 
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results in ∼4.5 Δpm change in microring resonator response (this estimate was 
determined in a related study).26,36 
Other comparisons that can be made are the differences of peak heights observed 
as the PS content changes. For the microring resonators (Figure 5-4A) this decrease in 
peak height is due to the changing RI contrast as PMMA content is increased. The 
respective RI (n) of PS, PMMA, cyclohexane and THF are as follows; 1.59,45 1.49,46 1.43, 
and 1.41, at 20 °C and 632.8 nm. The 31% PS-PMMA peak provided the smallest 
response from the microring resonators. This is caused by a combination of the RI 
contrast and the decreased sensitivity of the microring resonator platform for high 
molecular weights. With increasing molecular weight, the radius of gyration of a random 
polymer coil in solution also increases, and polymers with larger radiuses of gyration have 
portions that extend beyond the evanescent field of the sensor causing this sensitivity fall-
off. This molecular weight dependence has been investigated and described 
previously.36,47 All PS-PMMA standards have a molecular weight within a range of 60–80 
kDa, with the exception of 31% PS which has a molecular weight of 117 kDa. These were 
available choices at the time of purchase. As for the changing peak heights with the ELSD 
chromatogram (Figure 5-4B) this is most likely due to scattering differences resulting from 
shape and size of analyte particles varying with different PS : PMMA ratios and elution 
solvent composition. Finally, for the UV chromatogram (Figure 5-4C) there is a consistent 
decrease in peak height as PMMA content is increased, corresponding to the decrease 
in the UV-active PS component. These visual observations of peak height/area are further 
supported by a more quantitative comparison of peak integrations for the three detectors’ 
chromatograms (Figure 5-6).  
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3.2. Verification of Interface Integrity  
Retention times were obtained from chromatograms of all three detection methods 
(microring resonators, ELSD, and UV) and representative chromatograms are presented 
in Figure 5-4. This was used to calibrate for copolymer composition, the % moles of PS 
were plotted against the PS/PMMA peak elution time for each polymer composition 
standard, as shown in Figure 5-7. Data points represent the average retention times for 
three replicated experiments (n = 3). There is very little variance among individual 
retention times so error bars are small, this verifies interface robustness. Overlaying all 
three calibrations on the same axis highlights indistinguishable slopes attributed by the 
agreement across detectors and lack of significant dead volume in the flow path. The 
fitting parameters of these curves can be found in Table 5-2. Additionally, these 
compositional calibrations can be useful for the identification of unknown PS-PMMA 
samples or blend samples that have multiple components or for computing the chemical 
composition distribution of a broad PS-PMMA copolymer of unknown composition.  
3.3. Mass Concentration Response Curves  
Using the same PS-PMMA copolymer samples prepared in chloroform and the 
same experimental method discussed earlier, gradient separations were performed for 
various injected masses ranging from 0.15 to 0.75 mg for each detector. The 31% PS 
standard was measured over a narrower mass range because of the pressure limits of 
the HPLC system. Injecting too much mass of the later eluting standards caused the 
HPLC system to go over pressure. These standards are least soluble in the initial gradient 
conditions, resulting in precipitation onto the column and increased pressure. The mass 
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concentration response was investigated by plotting mass injected against the integrated 
peak area for each detection method allowing for mass calibrations of 4 PS-PMMA 
standards, as seen in Figure 5-8. Here all y-intercepts were set to 0 as a means to 
normalize across detectors. Comparing these mass calibration curves demonstrates the 
linearity of the microring resonator response (Figure 5-8A). The UV detector also has a 
linear response for the 4 PS-PMMA standards and slope offset correlates with PS content 
(Figure 5-8B). The fitting parameters for the microring resonator and UV response curves 
are found in Table 5-3. As for the ELSD, the response is non-linear (Figure 5-8C) and the 
fitting parameters are provided in Table 5-4. As mentioned this non-linearity makes 
quantification difficult especially in the portions of the response curve where double 
values are observed. Therefore, the presented curve in Figure 5-8C are within the working 
range of the response for this particular system, this allows for a fair comparison across 
detector types. Calibration curve points represent the average of three replicate 
experiments, and error bars represent the standard deviation from visible over the plot 
range presented. As mentioned above, we attribute the increased error of the microring 
resonator platform to inherent noise of the detector and the reduced precision of baseline 
fitting for peak integration. Finally, limits of detection (LOD) and limits of quantification 
(LOQ) were calculated for each detector (Table 5-5), on average the LOD of the microring 
resonators is approximately 5 orders of magnitude greater than the LOD for both UV and 
ELSD. LOD and LOQ are dependent on the standard composition since detection differs 
slightly due to differing RI contrast for the microrings, though this changes depending on 
the analyte/ mobile phase pairing. Therefore in cases where RI contrast is low increasing 
sample size can be advantageous especially in polymer separations where sample size 
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is rarely a limitation. The LODs and LOQs for UV also depend on standard composition 
or more specifically chromophore content, this however is a more difficult challenge when 
the analyte of interest lacks such chemical signature.  
3.4. Polymer Blend Separations  
Polymer blends were prepared as mixtures of the various PS-PMMA copolymers 
at different ratios. These included varying amounts of 100%, 82%, and 54% PS with the 
31% PS standard used as an internal control having constant concentration across all 4 
synthetic blends. For blend separations a total mass of 0.75 mg was injected on the 
column and detection was carried out using all three detectors. Representative 
chromatograms for n = 3 blend separations are shown in Figure 5-9 (peak areas 
presented in Figure 5-10), with the same elution order as in Figure 5-4 (highest to lowest 
PS). Using the compositional calibration presented in Figure 5-7 we can identify each 
individual component of the blends, the first eluted peak is 100%, second 82%, third 54% 
and last eluted is the 31%. The 31% component was used as an internal standard and 
the consistency of the sample preparation across blends is verified by looking at the 
overlapping 31% blend component.  
3.5. Quantification and Analysis of Polymer Blend Samples  
The quantification of mass injected was done using the corresponding calibration 
curve for each peak component. Peak components were identified by retention time. A 
comparison of quantification across detectors for each blend can be found in Figure 5-11 
and Table 5-6, additionally actual mass are provided in Table 5-7. In this comparison, 
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similar values are observed for each method, verifying the quantitative ability of the 
microring resonators. The microring resonator platform appears to offer some significant 
advantages over traditional HPLC detectors. Its large dynamic range of response enables 
detection of analytes on top of a strongly sloping gradient baseline. Observation of the 
gradient baseline (i.e., the gradient composition) itself is another advantage, which is not 
possible with traditional LC detectors (Figure 5-12). Real-time monitoring of the solvent 
gradient can account for fluctuations in pump performance and detection of non-ideal 
gradients serving as a diagnostic tool to monitor run integrity. Additionally, observation of 
the gradient baseline enables detection of gradient distortion which can compromise 
resolution. This in practice is demonstrated in Figure 5-12, where a 100% cyclohexane to 
100% THF gradient was utilized without injections. Using the programmed methods of 
Figure 5-12A the raw gradient traces in Figure 5-12B were transformed into relative shift 
(Δpm) as a function of % THF Figure 5-12C. Here (Figure 5-12C) it is observed that with 
a steep gradient (i.e. 8 minutes), which is equivalent to approximately 1 column volume, 
there is a non-linear distortion in the raw gradient traces that is not observed in methods 
of multiple column volumes. The 100 min trace covers >10 column volumes and illustrates 
a linear gradient which is ideal for separations of better resolution. Gritti and Guiochon 
observed these same distortion trends using reverse phase gradients.48 On a side note, 
comparing raw gradient traces of different lengths (Figure 5-12B) there is the observation 
of different gradient slopes due to varied rates of solvent mixing however the overall 
change in RI is consistent. Therefore, if run integrity was compromised it would be obvious 
early on before translating to traces into a function of solvent composition. In fact closer 
examination of Figure 5-2A, which utilizes a truncated gradient (95% (95 : 5 cyclohexane 
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: THF) to 10% cyclohexane) and has a gradient length of 20 minutes, reveals a slight bit 
of curvature in a nominally linear gradient. This curvature may indicate that our gradient 
was slightly steeper than optimal, however further investigation implied that time is not a 
factor since the curvature was nearly the same across methods of various lengths (Figure 
5-13).48 Similar curvature among the various gradients does not appear to be an artifact 
of the method itself but is likely due to the use of 5% strong solvent in reservoir A or 
inadequate solvent mixing. The use of strong solvent in reservoir A was necessary to 
maintain complete solubility of all analytes on injection. Although its presence appears to 
offer an advantage in terms of gradient ideality, it limits retention of copolymers with larger 
% styrene. The reason for minimal gradient distortion is that THF is always present in the 
column so there is minimal loss of THF as the gradient begins due to interaction of THF 
with the column. Further, UV absorbing solvents (e.g., toluene) are compatible with 
microring resonator platform, meaning direct monitoring of the gradient is possible. 
Finally, although all detectors used in this study required calibration for mass 
concentration determination, the microring resonator platform is believed to have an 
advantage over ELSD. Although not obvious for the system studied here, the ELSD 
typically exhibits both a solvent and polymer composition dependence to its response,24,49 
and both of these dependencies are typically non-linear. On the other hand, the microring 
resonator response is only dependent on the polymer composition eluting at a particular 
time in the gradient, and the response to that component is linear with concentration.  
4. Conclusions  
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Commercial detectors compatible with gradient elution HPLC, such as ELSD and 
UV, have limitations for quantitative CCD measurements of industrially relevant polymers. 
Using microring resonators as gradient detectors for the separation of various PS-PMMA 
copolymers demonstrates advantages of the platform for complex polymer analysis. 
Foremost, the gradient compatibility of the microring resonator platform was exhibited, 
showing that refractive index based detection of gradient elution LC can be achieved 
unlike commercial dRI detectors. Here it was also observed that polymers like PMMA, 
which do not have a chromophore, can be detected by the microrings, providing an 
advantage over the commonly used UV detector. Additionally, various calibrations were 
performed for composition and mass injected, where mass calibrations illustrated the 
linearity of the microring resonator response. Linearity is where commonly used detectors 
like ELSD struggle since linearity is important for the ability to quantify mass 
concentrations. The quantitative results further support the applicability of the microring 
resonator platform for quantitative polymer analysis in solvent gradients.  
However, it is important to also point out the challenges of the microring resonator 
platform as a solvent gradient chromatography detector. In comparison to commercial 
detectors, the baseline noise is larger. Because of the increased noise, there are 
additional processing steps for data analysis. Also, the decreased surface sensitivity with 
high molecular weights is another limitation. Commercial development of this platform for 
chromatographic separations would likely require improvements in each of these areas, 
which is an active area of continued research.  
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In summary, microring resonators offer much applicability to polymer analysis with 
broad versatility in a single detector. A universal linear mass concentration detector for 
use in solvent gradient HPLC is a longstanding challenge for separations. Despite the 
described limitations of the platform, this work represents an advancement toward a new 





Figure 5-1: Microring Resonator Cartridge Assembly/HPLC Interface. Sensor chip 
and gasket are sandwiched between cartridge top and holder, which is aligned and held 
in place by screws. The UV/visible detector is connected directly to one of the fluidic ports 
on the cartridge top, the gasket directs eluents across the rings, and waste exits the 




Figure 5-2: Data Treatment Process for Microring Resonators. A. Raw overlapping 
microring traces shows direct monitoring of gradient mixing though experiment since RI 
changes with changing mobile phase, this means gradient shape/slope is very 
reproducible for identical methods. B. A subset of (A) shows small peaks can be observed 
on the sloping baseline (peak location is indicated by dashed lines). This sloping baseline 
is fit to a third order polynomial which is then used to baseline correct the data. C. The fit 
obtained from the baseline observed in (B) is extrapolated and subtracted from the raw 
data. D. Then finally the subtracted chromatogram can be further corrected by applying 




Figure 5-3: Closer Look at Peaks Before Baseline Correction. A. The data from Figure 
1B is plotted here highlighting only the portions of the traces that are relevant to peak 
location. The observed bumps or slight non-linearity on the slopping baseline coordinates 
to peak elution, which is not as visible in Figure 1B due to obstruction from overlapping 
baselines. Additionally, the dashed lines from Figure 1 are continued here to indicate peak 
location throughout the correction process. The relevant trace portions from A are plotted 
individually with a blank trace in panels B-G, allowing for the observation of peaks before 
baseline correction.  
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Figure 5-4 Gradient LC Chromatogram Comparison. Separations of PS-PMMA 
copolymers with a cyclohexane to THF gradient. Samples were prepared in chloroform 
at a concentration of 10 mg mL−1 and a mass of 0.15 mg was injected. Chromatograms 
were obtained by all three detectors A. microring resonator platform, B. evaporative light 




Figure 5-5: Fluidic Flow Path. Eluents flow off the column to the UV detector and then 
the microring resonators which are connected in-line. The interface from figure 5-1 is 
represented here by the blue arrow. ELSD data needs to be collected last in series due 






Figure 5-6: Peak Integrations for Gradient LC Chromatogram. Corresponding peak 
areas from Figure 5-4. A. Microring peak area decreases with decreasing RI contrast with 
increasing PMMA content. B. ELSD peak areas show a non-monotonic trend with polymer 
composition due to the solvent dependence and polymer composition dependence of the 
ELSD response. C. UV/vis peak areas decrease as a result of decreasing chromophore 
content/PS content.  
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Figure 5-7: Copolymer Composition Versus Elution Times. Elution times from the 
chromatograms obtained in Fig. 5-2 were plotted against % moles of polystyrene for each 
copolymer. Resulting in calibrations for copolymer composition. Plotting all three 
calibrations on the same axis show over- lapping curves, verifying interface integrity such 




Figure 5-8: Mass Detection Calibrations. A. Repeating cyclohexane : THF gradient 
separations of PS-PMMA copolymers at 4 different injected masses for 4 standards 
demonstrated the linearity of the microring resonators. Plotting mass injected against 
peak area illustrates this linear correlation. B. Comparable linear correlation is also 
observed by UV/ visible (UV) detection. C. However plotting mass injected against peak 
area for evaporative light scattering (ELSD) demonstrates the non-linearity of the detector 




Figure 5-9: Copolymer Blend Analysis by Various Detectors. Polymer blends were 
made by mixing three PS-PMMA copolymers at various ratios all with a concentration of 
11 mg mL-1 in chloroform. Separations were achieved based on composition using a 
cyclohexane : THF gradient. Chromatograms were obtained by detection with the A. 





Figure 5-10: Peak Integrations for Polymer Blend Analysis. Peak areas were 
integrated and then plugged into mass calibration curves to determine the mass of each 
blend component. Here is a comparison of these compiled peak areas, from the A. 




Figure 5-11: Quantitative Analysis of Polymer Blends. Integrating each peak area 
allowed for the quantification of mass detected for each component of the sample. This 
was done across all detectors allowing for a direct comparison, good correlation is 
observed since comparable mass values were obtained for each component by each 
method. Each histogram represents a different blend sample of the same three 
components A. Blend 1, B. Blend 2, C. Blend 3, and D. Blend 4.   
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Figure 5-12: Real Time Monitoring of Solvent Gradient Baseline. (A) Here we wrote 
three gradient methods (100% cyclohexane to 100% THF) of varying length. By plotting 
zoomed in traces (B) as relative shift versus time and (C) as a function of solvent 
composition demonstrates how gradient ideality can be directly evaluated and optimized. 
For example, the 8 min method (equivalent to 1 column volume) shows a non-ideal 
distorted trace which will limit resolution. An optimized trace is rep- resented by the 100 





Figure 5-13: Investigation of Curvature in Raw Microring Traces. The slight curvature 
of the observed gradient traces suggests that the gradient may be too steep. A. However, 
upon investigation of gradient length the observed curvature was independent of time. B. 
The time independence was verified by plotting the traces as a function of nominal% THF. 














Starting Condition 0 95% 5% 
Isocratic Hold 10.5 95% 5% 
Gradient Time 30.5 5% 95% 
Purging 40.5 5% 95% 





Table 5-2: Fitting Parameters for Polystyrene Content Calibration 
 
 Detector 
𝑏𝑥 + 𝑐 
R2 𝑏 𝑐 
A Microrings -7.830 281.4 0.9954 
B ELSD -7.834 283.1 0.9962 






Table 5-3: Linear Fitting Parameters for Mass Detection 
 
 Detector Standard (%PS) 𝑏𝑥 + 0 R2 𝑏 
A Microrings 
100 36.10 0.9819 
82 33.25 0.9848 
54 29.53 0.9924 
31 23.66 0.9585 
B UV/vis 
100 221.4 0.9942 
82 211.2 0.9621 
54 148.6 0.9971 









 Detector Standard (%PS) 
𝑏𝑥, + 𝑐𝑥 + 0 
R2 𝑏 𝑐 
C ELSD 
100 38.35 110.3 0.9996 
82 30.07 131.1 0.9953 
54 72.11 73.34 0.9961 
31 29.35 92.81 0.9921 
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 Detector Standard (%PS) LOD (µg) LOQ (µg) 
A Microrings 
100 220 550 
82 240 590 
54 270 670 
31 340 840 
B UV/vis 
100 0.0055 0.011 
82 0.0057 0.011 
54 0.0082 0.016 
31 0.016 0.032 
C ELSD 
100 0.0017 0.0043 
82 0.0015 0.0036 
54 0.0026 0.0065 
31 0.0021 0.0051 
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Table 5-6: Polymer Blend Analysis, Mass Quantification 
 
   
 Quantified Mass for Each Blend Component (mg) 
100% PS 82% PS-PMMA 54% PS-PMMA 31% PS-PMMA 








1 0.11 0.018 0.26 0.036 0.28 0.030 0.040 0.0016 
2 0.41 0.033 0.10 0.024 0.11 0.031 0.048 0.015 
3 0.072 0.013 0.33 0.037 0.24 0.021 0.052 0.024 
4 0.24 0.0033 0.19 0.0061 0.28 0.031 0.038 0.0021 
UV 
1 0.093 0.0025 0.28 0.0053 0.28 0.0030 0.038 0.00090 
2 0.37 0.044 0.083 0.0098 0.070 0.0074 0.024 0.0048 
3 0.047 0.0011 0.39 0.0082 0.21 0.0041 0.036 0.00084 
4 0.22 0.0061 0.19 0.0052 0.26 0.0095 0.035 0.0023 
ELSD 
1 0.11 0.0028 0.27 0.0049 0.29 0.038 0.052 0.0062 
2 0.39 0.043 0.12 0.017 0.15 0.018 0.040 0.0048 
3 0.057 0.0013 0.34 0.013 0.26 0.023 0.051 0.0020 
4 0.25 0.017 0.23 0.016 0.34 0.047 0.057 0.0043 
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Table 5-7: Actual mass injected for each individual blend component 
 
 









Blend 1 0.09 0.28 0.33 0.05 0.75 
Blend 2 0.52 0.09 0.09 0.05 0.75 
Blend 3 0.05 0.42 0.24 0.05 0.75 
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Abstract 
Complex copolymers with multiple dimensions of structural heterogeneity are often 
characterized with multi-dimensional separations, where more than one column is run in-
line each often separating based on different modalities (e.g., molecular weight and 
chemical composition). Multi-dimensional separations allow for the characterization of 
multiple distributions in a single experiment making them useful for complex polymers. 
This is especially true once the numerous combinations of separations are considered. 
Although it should be noted that multidimensional dimensional separations often take 
hours and require much more optimization in comparison to single dimension 
separations. However, a possible alternative to conventional multidimensional 
separations is integrating a second dimension with an affinity based detector. The silicon 
photonic microring resonator platform, which has been previous explored for the detection 
of liquid chromatography methods, offers functionalizable sensor chips that have the 
potential to provide affinity-like data once modified. Here this capability was leveraged 
and various silanes were investigated as potential chip modification chemistries in hopes 
of creating affinity based separation column mimics at the chip surface. This ultimately 
adds a quasi-second dimension for characterizing analytes that are not easily analyzed 
by a single dimension. Therefore with this method there is the potential of obtaining as 
much data as a two-dimensional separation with a single dimensional separation. 
1. Introduction 
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 Polymers by nature are complex, structurally heterogenous mixtures of analytes, 
where each aspect of structure is broadly distributed. Even the simplest of polymers, 
linear homopolymers, require at least characterization of molecular weight distribution. 
However in the real world polymeric samples are complex meaning they are distributed 
in more than one dimension, which can include molecular weight, chemical composition, 
functionality, branching, and tacticity. All such distributions greatly impact physical and 
mechanical properties, and therefore characterization of these distributions is necessary 
for better understanding the material at hand. Liquid chromatography techniques are 
often the go-to method for characterization of these various distributions. However, for 
those polymers that have multidimensional distributions one separation is not enough to 
fully characterize the material. In these cases multidimensional separations are often 
utilized to fully characterize the polymer analyte.1,2  
 Multidimensional separations, typically two-dimensional (2D) separations, work by 
combining two independent separation mechanisms to characterize two distributions in a 
single experiment, this is typically referred to as an on-line or comprehensive approach. 
More specifically with this approach, an analyte is separated by the first column, in the 
first dimension (1D), these fractions which elute from the 1D are further separated by the 
second dimension (2D). The collected data is typically combined into three-dimensional 
contour plots, consisting of retention times for 1D plotted on the x-axis, retention times for 
2D plotted on the y-axis, and peak intensity dictated by color constructing the three-
dimensional peaks, which is very information dense. 
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The numerous combinations of separations make the capabilities of 2D-LC truly 
expansive. However, this does come at the price of time, with regards to both separation 
optimization and length/speed of experiment1,3 which is where this current study could 
make improvements. Here we investigate the possibility of a quasi-2D LC separation 
where the second separation occurs at the detection source. This is through the 
hyphenation of LC with the microring resonator platform, which uses a silicon photonic 
chip that can be functionalized with column mimicking chemistries. 
The microring resonator platform is conventionally run in stand-alone operation for 
the observation of molecular binding events/immunoassays, often employed as a 
diagnostic tool. This works by placing a multiplexed chip which has an array of tethered 
capture agents such as antibodies, DNA, and much more. Samples in complex matrices 
are flown across the multiplexed microring resonator chip and specific analytes bind to 
their corresponding capture agent resulting a Langmuir binding response. These 
experiments provide insight on binding kinetics and components of complex matrices.4–9 
Combining this utility of the microring resonators with recent work interfacing the microring 
resonator platform with up-stream separations10–13 has the potential for adding another 
dimension of data post separation.  
Previous work utilizing the microring resonators in separation applications has 
shown the versatility and robustness of this universal detection scheme as an alternative 
detector for both LC and capillary electrophoresis12. Work with the microring resonators 
as an LC detector for polymer analysis first demonstrated the linear mass detection 
capability which is an improvement over commercialized universal detectors such as 
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evaporative light scattering (ELSD) and charged aerosol detectors (CAD).10,11 Both ELSD 
and CAD suffer from a non-linear response, meaning with increasing mass injected peak 
area does not increase linearly. This non-linearity leads to complications with 
quantification, especially in the lower and upper portions of the curves. However, even 
with this complication ELSD and CAD are still widely used because they are universal 
detection schemes that are also gradient compatible. UV/visible (UV/vis) detectors are 
not universal and differential refractive index detectors (dRI) are not gradient compatible. 
The microring resonators offer an RI-based detection scheme and provide gradient 
compatibility due to their substantial dynamic range, which has been previously 
demonstrated with both normal phase and reverse phase gradients.11,13 All of this work 
has shown the great potential of the microring resonators as a detector for in-line 
separations and this current work hopes to expand this further by utilizing the 
functionalizable chip surface. 
With this study the microring resonator platform will be hyphenated with LC. 
However, the difference from previous work is that the sensor chip will be treated with 
various chemical modifications prior to detection. Such treatments include silanization of 
the silicon surface with various silanes and oxidation methods for treating the surface. 
Two experimental approaches were used, the first approach utilized the stand-alone 
operation of the microring resonator platform to investigate polymer interactions with the 
sensor surface treatment. Once decent interactions were observed with a given surface 
modification, a second experimental approach which interfaced with LC to deliver 
injections and solvent gradients without a column in place was pursued.  Promising 
interactions were observed with oxidized chip surfaces, however these experiments were 
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less promising when translated to chromatography. The challenges encountered however 
were mostly due to the experimental system rather than the set-up itself, therefore future 
work with a similar design is still worth further pursuit.  
2. Experimental  
2.1. Materials  
High purity solvents were all purchased from Sigma-Aldrich (St Louis, MO). 
Poly(styrene-co-methyl methacrylate) (PS-PMMA) standards were purchased from 
Polymer Source, Inc. (Dorval, QC), varying in PS content (82%, 54%, 31%, and 14% mol 
PS). Polymethacrylate (PMMA) homopolymer standard was purchased from Agilent 
(Santa Clara, CA). All polymer standards were used as received and were typically 
prepared at a 1 mg/mL concentration in either chloroform or toluene. Silanes including 3-
aminopropyltriethoxy silane (APTES), N,N-bis(2-Hydroxylethyl)-3-aminopropyltriethoxy 
silane (BH-APTES), cyanopropyltriethoxy silane (CPTES), 2-hydroxy-4-(3-
triethoxysilylpropoxy)diphenylketone) silane (HTDS), N-(3-
triethoxysilylpropyl)gluconamide silane (TGS), and  octadecyltriethoxy silane (ODTES) 
(Table 6-1 outlines the used silanes) were all purchased from Gelest (Morrisville, PA), all 
used as received.  
2.2. Microring Resonators. 
The microring resonator system (Maverick M1 optical scanning instrumentation) 
and sensor array chips were purchased from Genalyte, Inc. (San Diego, CA). Detailed 
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descriptions of sensor fabrication and instrument operation has been described 
elsewhere.13 
The 4 mm x 6 mm microring resonator chip consists of an array of 128 ring shaped 
optical cavities. Each individual microring is 30 μm diameter and has an adjacent linear 
waveguides, allowing for each sensor to be individually probed by an external tunable 
cavity diode laser centered at 1550 nm. Optical transmission is monitored as a function 
of wavelength, and dips in transmittance signal occur at resonant wavelengths defined by 




where r is the ring radius, neff is the effective refractive index, and m is a constant. As 
changes are observed in the local refractive index at the sensor surface, such as analyte 
elution or analyte binding, the resonant wavelength will shift accordingly. These changes 
in resonance wavelengths correspond to changes in neff which are monitored as a 
function of time and referred to as relative shift in units of delta picometers (Δpm). 14,15  
2.3. Chip Functionalization via Silanization 
 The protective photoresist coating of the microring resonator chip is removed by 
immersing chips in acetone. This is followed by immersion of the chip in a 5% silane 
solution prepared in acetone except for ODTES which was prepared in THF and BH-
APTES which was prepared in ethanol. Following incubation in the silane solution the 
chips were immersed in fresh solvent to remove residual silane. For APTES, CPTES, 
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HTDS, and TGS the fresh solvent was acetone, for ODTES the fresh solvent was THF 
and for BH-APTES the fresh solvent was ethanol. Chips were then rinsed in isopropanol 
and water before drying under nitrogen. Chips were all used immediately after 
silanization.  
Silanization of the silicon surface of the microring resonator chip results in the 
formation of -Si-O-Si- bonds. This occurs via the displacement of the hydroxyl groups of 
the silicon surface by the alkoxy groups on the alkoxysilanes. This process is shown in 
Figure 6-1 and the structures of the obtained silane monolayers is shown in Figure 6-2. 
2.4. Chip Functionalization via Oxidation  
 Prior to use, the protective photoresist coating was removed by successively 
immersing chips in acetone and isopropanol baths, followed by an acetone rinse. (For 
use of untreated chips this is the only necessary prep.) Chip surfaces were oxidized by 
by one of two different approaches, either piranha treating or oxygen plasma treating. As 
for piranha treating, chips were immersed in a 130 oC piranha solution (3:1 sulfuric 
acid:hydrogen peroxide) for 30 seconds, rinsed with water and dried under nitrogen. As 
for oxygen plasma treatment, chips were placed in the vacuum chamber of a plasma 
cleaner (PDC-32G, Harrick Plasma) utilizing oxygen as the ionizing gas for approximately 
5 minutes before use. Chips were all used immediately after treatment.  
2.5. Stand-Alone Microring Resonator Experimental 
 The microring resonator flow cell is assembled by placing the sensor chip on an 
anodized aluminum cartridge base followed by a polyethylene terephthalate (Mylar) 
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gasket and a polytetrafluoroethylene (Teflon) cartridge top. The Mylar gasket and Teflon 
cartridge top direct fluid flow across the chip and the whole assembly is secured together 
by screws. 1/16′′ PEEK tubing with a 0.25 mm flangeless 1/4-28 interface where directly 
coupled to a Harvard Apparatus (Holliston, MA) Standard Infuse/Withdraw Pump 11 Elite 
Programmable Syringe Pump, which was operated at 0.1 mL/min in withdraw mode. 
Solvent changes were made manually by swapping the vial from which the syringe pump 
was pulling. 
2.6. HPLC-MRR Interface for On-line Experiments 
Solvent gradient delivery was performed by the Waters Alliance e2695 separation 
module (Milford, MA) equipped with a Waters 2424 ELSD detector. No column was used 
since the microring resonator chip is mimicking a column for these experiments. A 
schematic of this experimental design is shown in Figure 6-3. A 0.4 mL min−1 flow rate 
was maintained for a gradient of toluene to tetrahydrofuran (THF) or cyclohexane to THF. 
The Waters 2424 ELSD detector, when used was placed in-line after the microring 
resonators to detect any polymer that was released from the chip surface ELSD was 
operated at a gain of 20, gas pressure of 20 psi, drift tube temperature of 50 °C, and a 
nebulizer temperature of 12 °C.  
The microring resonator flow cell is assembled as described earlier. 1/16′′ PEEK 
tubing with a 0.25 mm flangeless 1/4-28 interface were used to couple the HPLC directly 
to the microring resonator cartridge, as described previously.10  
2.7. Data Analysis 
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 Data analysis was carried out using custom software written in R (version 3.4.1), 
previously described in more detail.10 Briefly, microring resonator chromatograms 
typically show an averaged responses from 4-36 microrings depending on the 
experiment. The averaged signal intensity is plotted as a function of time.  
3. Results and Discussion 
3.1. Investigation of Silane-Polymer Interactions with Stand-alone Operation of Microrings 
 Silanes were the first approach for creating column mimics at the chip surfaces 
and preliminary work with these silanized chips were executed in the stand-alone 
operation of the microrings. In other words no LC was used in these experiments rather 
syringe pumps drove solvent across the chip surface. The hope of these experiments was 
to find a silane that exhibited strong interactions with PMMA/PMMA-PS so that these 
“systems” could later be translated into on-line LC experiments where the silanized chip 
replaces the LC column. The approach for these experiments involved the following. First, 
flow a weak solvent/adsorption promoting solvent to achieve a baseline, and in Figure 6-
4 the weak solvent was toluene which is highlighted in blue. Next, flow a polymer solution 
prepared in a solvent which should promote adsorption. In other words we want to find a 
solvent system where our polymers are soluble but also have a preference for the chip 
surface, which is not easy. As shown in Figure 6-4 PMMA (highlighted in yellow) and 82% 
PS-PMMA (highlighted in red) were prepared at 1 mg/mL in toluene. If adsorption 
happens with this step a Langmuir binding profile will be observed, this is seen in Figure 
6-4A, B, and E when 82% PS-PMMA is flowing and in Figure 6-4F we see this for both 
PMMA and 82% PS-PMMA although it is showing a negative refractive index difference. 
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If no adsorption occurs a square like step is observed, this is seen Figure 6-4A, B, E when 
PMMA is flowing and in Figure 6-4C-D this is observed for both PMMA and 82% PS-
PMMA. The third step goes back to our weak solvent, toluene. Any non-binding cases 
should just show a step in the refractive index change as the polymer solution flows 
across the chip, with a return to the original baseline upon return to the weak solvent. Any 
binding or adsorption to the silane would be expect to exhibit a continuous increase of the 
baseline at that point. However, that is not observed in any of the cases where binding is 
observed instead a downward sloping trace was observed indicating removal of any mass 
that may have been held at the chip surface. This rapid disappearance of polymer 
indicates very weak interactions that would likely not hold up to chromatography 
interfaced experiments. Additionally with these experiments most of the chosen silanes 
were polar, as such PMMA would be expected to have more affinity for the chip surface 
in comparison to 82% PS-PMMA, however generally that trend was not observed. 
3.2. Untreated Microring Resonator Chip Experiments 
 Investigating the untreated chip response was explored given the oxidized silicon 
surface potentially best replicates the surface of silica, which is conventionally used for 
chemical composition characterization via solvent gradient LC.11 The same stand-alone 
microring resonator experimental approach was used in Figure 6-5; however, here an 
unfunctionalized chip was utilized to investigate the silicon-polymer interactions. Here 
evidence of binding was observed for both PMMA (highlighted in yellow) and 82% PS-
PMMA (highlighted in red). Then looking at the toluene step (highlighted in blue) following 
the flow of polymer it is observed that with PMMA we are not observing rapid loss like we 
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are with 82% PS-PMMA or as was observed in Figure 6-4. The loss off the 82% PS-
PMMA was not an immediate concern considering that with increasing PS content there 
is a decrease in polarity, meaning a decrease in affinity for the silicon surface. In other 
words, we are looking at two extremes polar PMMA and mostly non-polar 82% PS-PMMA 
with these experiments. Given that we see interactions responding according to polarity 
we can speculate that copolymers in between would show loss rates corresponding to 
their PS content which would have the potential to dictate separations once translated to 
chromatography. One important thing to mention is that in our previous paper, we used a 
similar system for the refractive index based detection of solvent gradient elution. In this 
study no adsorption to the chip surface was observed and should not be observed since 
a column was used so separations occurred before detection by the microrings. In other 
words, with previous LC-microring resonator studies analytes only come in contact with 
the sensor chip once they are in favorable solvents mitigating any affinity which is very 
different from what we are doing with these current studies. 
 Given the potentially promising observations in Figure 6-5, untreated chips were 
further pursed as a column mimic in on-line experiments. On-line meaning interfaced to 
the LC module but operated without a column, which is true for all “on-line” experiments 
in this chapter. The first attempt at this is shown in Figure 6-6, where the initial hold of the 
gradient (100% toluene) was run at 0.1 mL/min to replicate the stand-alone experiments 
and the gradient portion was run at 0.4 mL/min (100 toluene to 50:50 toluene:THF). 
Detection of this method by the microrings is seen in Figure 6-6A. The peak at the 
beginning of the traces is detection of pressure ripple from the injection. There is an 
upward ramping of the initial hold portion indicating potential adsorption, however no 
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indication of polymer leaving the chip surface is observed during the gradient. This is 
verified in Figure 6-6B, which shows detection by ELSD connected in series with the 
microrings. Thus any polymer that was adsorbed at the chip surface should be released 
and observed with ELSD detection. Rather what is seen with ELSD post microring 
resonators is a large peak with the solvent front indicating that much of the injection is not 
retained. By zooming into the baseline a small peak was observed for PMMA, however 
given that nothing was observed with the microrings, confidence that this is retained 
polymer is very low.  
 The unpromising results from Figure 6-6 inspired an alternative approach to 
exploring “on-line” experiments, which is provided in Figure 6-7. Here the stand-alone 
approach was combined with the “on-line” method, where a pre-loading of the chip was 
performed with 100% PMMA in stand-alone operation before interfacing with the LC 
module which is shown in Figure 6-7A. Following the pre-loading of the untreated 
microring resonator chip the microring resonator flow cell was connected to the LC without 
a column so that a solvent gradient could be delivered across the chip surface, with the 
hopes that at some point during the gradient PMMA would be released from the chip 
surface. Looking at Figure 6-7B we don’t see any obvious indication of PMMA release 
there is a small negative “blip” in the gradient at approximately 25 minutes, however this 
is not showing up with post detection by ELSD (Figure 6-7C). Which indicates that even 
though we were seeing what appeared to be decent interactions in the stand-alone 
experiments that these interactions appear to be too weak to translate to chromatography.  
3.3. Oxidized Microring Resonator Chip Experiments 
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 Given that untreated microring resonator chips showed more promise over 
silanized chips the next approach explored how we could make the silicon surface further 
resemble a silica column. Piranha treatments and oxygen plasma treatments were used 
for oxidizing the chip surface. Figure 6-8 shows the investigation of the oxidized silicon 
surface with various polymers was explored using the stand-alone operation of the 
microring resonators. These experiments were run much like Figures 6-4 and 6-5, 
however here an additional step was added which flowed 50:50 toluene:THF after the 
second weak solvent/toluene step to regenerate the chip surface before flowing another 
polymer solution. Taking a closer look at these, off-sets are observed in the baseline. 
Looking at Figure 6-8, toluene (light blue) is first flown to establish a baseline which is 
followed by 14% PS-PMMA (purple) and then another toluene step (light blue). 
Comparing the two toluene steps we can see that these are not lining up rather they are 
off-set by 18 Dpm for the piranha chips and 12 Dpm for the oxygen plasma chips. Next, 
50:50 toluene:THF is flown (highlighted in darker blue) we see a significant negative shift 
which is followed by another toluene step that re-baselines to match the initial toluene 
step. This off-set in the baseline in weak solvent indicates that polymer was retained at 
the chip surface and released once strong solvent was flown. This was seen when each 
investigated polymer was flown across the oxidized chip surfaces, for the piranha treated 
chip (Figure 6-8A),a 65 Dpm off-set is observed with 54% PS-PMMA (green) and a 42 
Dpm off-set is observed for 82% PS-PMMA (red). As for the oxygen plasma treated chip 
(Figure 6-8B),a 45 Dpm off-set is observed with 54% PS-PMMA (green) and a 41 Dpm 
off-set is observed for 82% PS-PMMA (red). The dashed line in Figure 6-8 provides a 
guide for the eye to observe these changes in the baseline.  
 206 
 Given that polymer appeared to be retained in stand-alone experiments by the 
oxidized chip surface in weak solvent conditions use of the oxidized surface was further 
pursed as a column mimic in on-line experiments. With the toluene THF solvent system 
no indication of adsorption was observed, therefore weaker adsorption promoting 
conditions were sought after. The weakest solvent condition where our polymers were 
still soluble was 80:20 toluene:THF however in “on-line” experiments this did not work as 
expected as seen in Figure 6-9. Here we were having challenges with our injections 
precipitating out before the chip regardless of the size of the injection which is not ideal 
for the study at hand. A peak was observed once PMMA was solubilized by the 
appropriate gradient composition, ELSD in-line observed the same occurrence. Although, 
oxidized chip surfaces appeared the most promising for translating to a “chromatography-
like” experiment, these were no longer pursued given the weak interactions and 
challenges with precipitation and dissolution.  
4. Conclusion 
 Various surface modifications for the microring resonator chip surface were 
pursued with the interest of mimicking a column. Although some hints of success were 
observed with stand-alone experiments, none showed success in on-line experiments. 
For example, even though decent polymer affinity for oxidized silicon chips across a range 
of PS-PMMA copolymers was observed, the same response was not observed when an 
injection was delivered by the LC rather than bulk polymer solutions flown across the chip 
surface. Because of this much work went into finding conditions that better promote 
adsorption, however this meant moving to less soluble solvent conditions which caused 
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persistent challenges with precipitation that were not avoidable. All and all, further 
consideration needs to be dedicated to the differences between the two experiment types. 
The biggest obvious difference is the flow of bulk polymer solutions versus small plugs of 
injections from the LC. Better replicating the LC injection potentially with an injection valve 
or such in the stand-alone experiments could have been useful for screening chemical 
conditions/interactions which better replicate the “on-line” experiments. 
 Although little success was found with the presented study, there was one such 
occasion where the on-line experiment “worked,” however it failed to be reproducible. 
This experiment is shown in Figure 6-10, the point of presenting this is not to make 
revolutions or say this was a success, rather it is shown here to illustrate to the reader 
what we were hoping to have seen. Figure 6-10A shows the raw gradient traces for two 
31% PS-PMMA injections onto a APTES functionalized chip, here it is observed that with 
the copolymer injections that there is an off-set on the trace in comparison to the blank 
until a certain point where there is a vertical drop in the trace at approximately 30 minutes 
after this point the trace of the 31% PS is identical to the blank trace. The shift or off-set 
of the 31% PS traces is likely because mass was being pulled onto the chip surface and 
the re-baselining likely occurred once that mass was released at the appropriate solvent 
condition. Which again was not something that could be replicated unfortunately.  
 The hope of this work was to utilize the functionalizable chip surface to add another 
separation dimension at the chip surface with the first dimension being an actual column 
such as gel permeation. This is still ultimately something that can be pursued, given that 
it was not necessarily the experimental design which failed but rather the system, with a 
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more appropriate system such as reverse phase gradient with highly soluble small 
molecules these experiments may still be possible. However, an alternative approach has 
been taken to utilize the functionalizable chip surface with biological capture agents, the 
high affinity of these capture agents allows for analyte pull down even in on-line 
experiments.  
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Figure 6-1: Example of Chip Functionalization via Silanization. Here the hydroxyl 
groups of the silicon surface of the microring resonator chip displace the alkoxy groups 
on the alkoxysilanes (in this example 3-aminopropyltriethoxysilane), forming covalent –










Figure 6-2: Structure of Silane Monolayers on Silicon Surface of Microring 
Resonator Chips. (A) APTES, 3-aminopropyltriethoxy silane monolayer. (B) BH-APTES, 
N,N-Bis(2-Hydroxylethyl)-3-aminopropyltriethoxy silane monolayer. (C) CPTES, 
Cyanopropyltriethoxy silane.(D) HTDS, 2-Hydroxy-4-(3-triethoxysilylpropoxy) 
diphenylketone) silane monolayer. (E) TGS, N-(3-Triethoxysilylpropyl)gluconamide silane 
monolayer. (F) ODTES, Octadecyltriethoxy silane monolayer. Surface 





Figure 6-3: Experimental Design Schematic. (A) HPLC-Microring resonator 
interface/flow path. (B) Expanded view of microring resonator flow cell showing an 





















Figure 6-4: Investigation of Silane-Polymer Interactions with Stand-alone Operation 
of the Microring Resonator Platform. (A) APTES functionalized chip surface, with the 
flow (0.1 mL/min) of alternating blank weak solvent/toluene (highlighted in blue) and 1 
mg/mL polymer solutions (100% PMMA, highlighted in yellow and 82% PMMA-PS, 
highlighted in red). (B) BH-APTES functionalized chip surface, with the flow of alternating 
blank solvent and polymer solution steps. (C) CPTES functionalized chip surface, with 
the flow of alternating blank solvent and polymer solution steps.(D) HTDS functionalized 
chip surface, with the flow of alternating blank solvent and polymer solution steps. (E) 
TGS functionalized chip surface, with the flow of alternating blank solvent and polymer 
solution steps. (F) ODTES functionalized chip surface, with the flow of alternating blank 
solvent and polymer solution steps. The observations are annotated on the figure itself 
where “bulk RI” means no polymer is adsorbed to the chip surface, “binding” means a 
Langmuir binding profile is observed indicating polymer retention, and toluene steps 
following previous binding step which experience loss of the retained polymer are labeled 
“loss” indicating weak interactions. Re-baselining toluene (blue) steps in between polymer 












































































Figure 6-5: Investigation of Silicon-Polymer Interactions with Stand-alone 
Operation of the Microring Resonator Platform. Unfunctionalized/untreated chip 
surface, with the flow (0.1 mL/min) of alternating blank solvent (toluene) and 1 mg/mL 
polymer solutions (100% PMMA and 82% PMMA-PS). The observations are annotated 
on the figure itself where “binding” means a Langmuir binding profile is observed 
indicating polymer retention, the toluene steps following previous binding step are labeled 
either “retention” for strong interactions or “loss” for weak interactions.  






























Figure 6-6: On-line Experiment with Untreated Chip and No Column in Order to best 
Mimic the Stand-alone Experiments. (A) Raw gradient traces obtained from microring 
resonators. The method used was a 100:0 Toluene:THF to 50:50 Toluene:THF gradient, 
where the initial hold of the gradient was run at a 0.1 mL/min flow rate to allow for 
adequate adsorption time and the remaining method was run at 0.4 mL/min. (B) The 
microring resonators and ELSD were connected in series, therefore any polymer that was 
adsorbed at the chip surface should be released and observed with ELSD detection. (C) 
Zooming in on the ELSD chromatogram shows a very small peak for the 100% PMMA 







Figure 6-7: “Pre-Loading” PMMA on Untreated Chip in Off-line Experiment 
Followed by a Solvent Gradient Delivered by the LC. (A) Mimicking the conditions 
from Figure 6-5, in stand-alone operation PMMA was pre-adsorbed/pre-loaded onto the 
unfunctionalized microring chip before running a solvent gradient. (B) Following the pre-
loading experiment, the microring resonator flow cell was connected to the LC which 
delivered a toluene:THF gradient. (C) The microring resonators and ELSD were 
connected in series, therefore any polymer that was released from the chip surface should 


















Figure 6-8: Investigation of Oxidized Silicon Surface-Polymer Interactions with 
Stand-alone Operation of the Microring Resonator Platform. (A) Piranha treated chip 
surface, with the flow (0.1 mL/min) of weak/blank solvent (toluene), various 1 mg/mL 
polymer solutions (14% PMMA-PS, 54% PMMA-PS, and 82% PMMA-PS), and strong 
solvent (50:50 Toluene:THF) for surface regeneration. (B) Oxygen plasma treated chip 
surface, with the same flow conditions as (A). Presented traces are zoomed in for optimal 
visualization. Off-sets are observed in the baseline in these experiments when polymer is 
held at the chip surface and following the flow of a strong solvent the baseline is re-
established. Approximate shifts are annotated on the figure along with a dashed line to 
serve as a guide for the eye to observe these off-set changes in the baseline.  
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Figure 6-9: Persistent Precipitation Dissolution Method Challenges, On-line 
Experiment Using Oxidized Chip and No Column. (A) Raw microring resonator traces 
showing PMMA peak eluting in the middle of the gradient even though there is no column 
(1 mg/mL PMMA, varied injection volumes). (B) In-line ELSD chromatogram verifying the 







Figure 6-10: On-line Experiment with APTES Functionalized Chip and No Column. 
(A) Raw microring resonator traces showing injection of 31% PS-PMMA (0.1 and 0.05 
mg) being retained at the chip surface and being released mid cyclohexane–THF 
gradient. (B) First derivative of data shown in (A). 
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1. Dissertation Summary and Conclusions 
 This dissertation presented here works toward demonstrating the versatility and 
utility of the microring resonators as an alternative high performance liquid 
chromatography (HPLC) detector for various types of separations. Three main 
approaches were presented, including bulk refractive index detection, in-line 
functionalized sensor chips, along with much flow cell design and testing for further 
optimization of the microring resonator platform for future liquid chromatography (LC) 
applications. In summary, chapters 2 and 5 shows work that utilizes the microring 
resonator platform as a bulk refractive index (RI) detector. Chapters 3-4 illustrate flow cell 
design approaches and chapter 6 shows work that takes advantage of the 
functionalizable chip surface.  
1.1. Microring Resonators as a Bulk RI LC Detector 
Chapters 2 and 5 present work that utilizes the microring resonator platform as a 
bulk RI detector, meaning the senor chip is untreated and no fouling/binding is observed. 
Chapters 2 sets the stage for the microring resonator as an LC detector using isocratic 
gel permeation chromatography (GPC) separations of polystyrene (PS). Here molecular 
weight distributions were determined and the linear mass detection capability of the 
microring resonators was demonstrated.1 Chapter 5 builds upon this by detecting the 
solvent gradient separation of polystyrene -co- polymethyl methacrylate polymers (PS-
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PMMA) according to chemical composition. Here direct comparisons were made to non-
linear evaporative light scattering (ELSD) with various calibrations and quantification of 
blend components.2 With both these chapters comparable function of the microring 
resonator platform to conventional HPLC detectors, such as UV/vis, differential refractive 
index (dRI) and ELSD was observed. More so, many added benefits were obtained by 
using the microring resonators over conventional detectors, such as the universal 
detection of solvent gradient elution along with linear mass detection presented in chapter 
5, both of which cannot be offered by a single commercial detector.  
1.2. Microring Resonators Flow Cell Design Ventures 
 Although chapters 3 and 4 use bulk RI detection of LC eluents, a different goal was 
in mind: further development of the microring resonator flow cell for LC applications. In 
chapter 2 a molecular weight dependence was observed which showed lower sensitivity 
to the upper molecular weight range. Given that the microrings are a surface sensitive 
detector it is understood that sensitivity will depend on proximity to the sensor surface. 
Given that we were observing this sensitivity challenge with large polymers in solution it 
was hypothesized that this was a result of poor mass transfer. Therefore, in chapter 3 an 
alternative flow cell geometry was utilized in hopes of improving the mass transfer of high 
molecular weight polymers. Through this work a series of flow cell lids and gaskets were 
employed for the detection of PS separated by GPC and with peak integrations 
performance was evaluated. Ultimately with this work it was found that the molecular 
weight dependence is very reproducible and no significant improvements with this fall-off 
are observed with alternative flow cells or by varying other experimental parameters such 
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as flow rate. As a result, it assumed that this challenge is not due to mass transfer issues 
alone, requiring further consideration of the limitations of the evanescent field. 
Chapter 4 also revolved around flow cell design but with the interest of making one 
compatible for high temperature LC applications. Here a series of three designs were 
presented and the final design was tested with full operation. Overall the flow cell was 
successful, maintaining flow and temperature, the challenge was that microring resonator 
signal became unusable at these elevated temperature. The exact cause of the unusable 
signal is still unclear, it is possible that this could be due to solvent incompatibility or poor 
coupling of light at such temperature requiring software changes that are beyond our 
expertise. In other words, there is more work that needs to be done here to fully conclude 
if this work can be successful in the future.  
1.3. Functionalized Microring Resonator Chips In-line with Upstream Separations 
Bulk RI detection is not typical function of the microring resonator platform. 
Conventional operation of the microring resonators utilizes functionalized chip surfaces 
to execute binding assays. Chapter 6 took one approach for utilizing the functionalize chip 
surface by creating column mimics at the sensor surface with the interest of performing 
multi-dimensional separations. Precipitation-dissolution challenges arose with the system 
chosen with this approach presented in Chapter 6 making execution of these experiments 
unsuccessful. It is suspected that if the same experimental design was used along with 
small molecules and a reverse phase solvent system that these experiments would be 
more successful. A different approach was sought which is presented in more detail later 
in this chapter. Briefly, this approach took inspiration from traditional microring resonator 
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operation, using biomolecular capture agents in-line with size exclusion chromatography 
(SEC) separations. The preliminary data is discussed in the next section. Taking this work 
into consideration along with completed work, fully shows the versatility of the microring 
resonator platform as an LC detector along with the unique capability to adding another 
dimension of data post separation. 
1.4 Final Remarks  
 In conclusion, there is a continuing need for a LC detector which is universal, 
gradient compatible and linear in response to increasing mass, this challenge is especially 
encountered through polymer analysis by LC methods. This goal in a detector can be 
achieved by the microring resonator platform as demonstrated throughout this 
dissertation. However, the microring resonators are not optimized as a LC detector and 
because of this many challenges have been encountered such as a small signal to noise 
ratio (S/N), the average signal to noise ratio of the microrings is approximately 4 orders 
of magnitude smaller than UV and ELSD. The microring resonators also suffer from 
elevated limits of detection (LOD), where on average the LOD of the microring resonators 
is approximately 5 orders of magnitude greater than the LOD for both UV and ELSD. 
Then finally the molecular weight dependence of the microring resonators, the microring 
resonators experience decreased sensitivity to polymers which have a 2Rg (radius of 
gyration) that equals or exceeds the 25 nm sensing region. All these outlined challenges 
are limitations of the microring resonator platform as an LC detector, ideally with further 
optimization of the microrings flow cell for LC applications some of these areas can be 
improved upon. 
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2. Future Directions and Preliminary Results 
2.1. Microring Resonators as a Complementary Detector for Nanoflow LC 
Use of microring resonators a bulk RI LC detector can be used for many 
applications especially those that traditionally use ELSD or charged aerosol (CAD) such 
as pharmaceutical analysis.3–6 Along with other LC applications the microring resonators 
can also have potential promise as a nanoflow LC detector. This is heavily motivated by 
recent work interfacing the microring resonators with capillary electrophoresis (CE) since 
flow rates and solvent consumption used here are much more comparable to those used 
in nanoflow LC.7 Preliminary data is presented here showing detection of flow injections 
delivered with nanoliter flow rates (Figure 7-1). 
 The development of nanoflow LC has made analysis in sample limited applications 
much easier. Typically nanoflow LC is hyphenated with electrospray ionization mass 
spectrometry (ESI-MS) making for a powerful tool for many bioanalytical applications 
including proteomics and metabolomics. However, challenges arise when samples 
consist of poorly ionizable analytes, structural isomers or even unknown metabolites. 
When such challenges are encountered, there is a need for an orthogonal detector. 
UV/vis and fluorometric detection schemes have been pursued for orthogonal detection, 
however both these techniques are non-universal detection schemes, which would 
require tagging analytes or using an indirect method for incompatible analytes.8 Surface 
enhanced ramen spectroscopy (SERS) has recently been hyphenated with nano-LC as 
an alternative to LC-MS metabolomics. Here LC-SERS was employed for metabolomics-
based tumor diagnosis and comparable detection to MS was observed. However the 
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overlap between LC-SERS and LC-MS was non-ideal. In other words SERS seemed to 
only be selective for a different subset of metabolites which does not eliminate the need 
for another orthogonal detector.9 It is important to mention that another alternative to LC-
MS especially in the metabolomic space is nuclear magnetic resonance (NMR). However, 
NMR does suffer from lower sensitivity and typically requires higher concentrations of 
significant volume for optimal detection making the nanoflow LC-MS a better choice in 
sample limited situations.10 
A more universal orthogonal detection method for nanoflow LC-MS applications 
would be desirable, which is where the microring resonator platform comes in. The 
microring resonators represent a refractive index (RI) based detector which has shown 
with preliminary results to be compatible with detection of nanoliter flow rates. Here the 
microring resonator CE flow cell was interfaced to syringe pumps using 75 µm capillary 
tubing, the delivered flow rate was 500 nL/min. The data obtained with this set up is 
presented in Figure 7-1, where Figure 7-1A shows a solvent step of water and acetonitrile 
and Figure 7-1B shows detection of riboflavin plugs. This preliminary data verifies the 
operation of the microring resonators at 100’s of nanoliter/min flow rates. Future work 
would require further minimizing the channel dimensions of the gasket to match those of 
the separation, which would be done using a laser cutter as explained in chapter 3, and 
then actual nanoflow LC-microring resonators experiments can be pursued.  
2.2. Hyphenation of Size Exclusion Chromatography with Antibody Capture Array 
One of the unique features of whispering gallery mode sensing methods are the 
ability to monitor biomolecular interactions, making this an attractive technique for 
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bioanalytical applications. Silicon photonic microring resonators are one type of such 
sensors which have been heavily applied to various biosensing studies. In these studies 
the sensor chip is modified with immobilized target-specific capture agents such as DNA 
or antibodies for the detection of various binding events. These studies provide useful 
information on target affinity and capture specificity, which has the potential to add 
another dimension of data if coupled to an upstream separation. The microring resonator 
platform has been thoroughly explored for various liquid chromatography (LC) 
applications and has demonstrated great utility for linear mass concentration detection, 
isocratic separations, gradient separations and chemical signature lacking analytes. 
Coupling similar LC methods of mixtures to multiplexed microring resonator arrays will 
not only provide typical separation data but also information on the affinity of various 
mixture components. Similar studies have been performed with surface plasmon 
resonance (SPR) optical sensing with great success, however SPR cannot be multiplexed 
easily so screening analyte affinity across various capture agents and/or the detection of 
multiple mixture components was a challenge here. With this mind, the study presented 
here addresses these limitations of pervious LC-SPR studies and further explores the 
versatility of the microring resonator platform for LC applications by utilizing multiplexed 
biosensing detection. 
2.2.1. Introduction 
Silicon photonic microring resonators are optical resonant sensors, a class of 
whispering gallery mode sensors, which are most often used for the observation of 
molecular binding events or immunoassays. This is typically employed as a diagnostic 
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tool, where insight on analyte specificity and binding kinetics can be inferred from 
diagnostic markers. Traditionally samples in complex matrices are flowed across a 
multiplexed microring resonator chip, which have been functionalized with tethered 
capture agents such as antibodies or DNA. Here analytes with specificity for tethered 
capture agents are pulled down, resulting in Langmuir binding response.11–14 This 
technology will be hyphenated with size exclusion chromatography (SEC) to provide 
binding data post separation. 
Previous work has used the microring resonator platform in a non-conventional 
way by hyphenating with upstream separations. Such studies have interfaced with 
capillary electrophoresis and both isocratic and gradient high performance liquid 
chromatography (HPLC). Much of this work was focused on demonstrating the 
competitive performance of the microring resonators as a detector when compared to 
commercial detectors such as UV/visible (UV/vis), differential RI (dRI), evaporative light 
scattering (ELSD) and charged aerosol detectors (CAD). Because they offer both a linear 
mass response and universal detection for solvent gradient separations, microring 
resonators offer certain advantages over  commercially available detectors. In all previous 
studies involving microring resonators for LC, they were used as bulk refractive index (RI) 
detectors only. This means that the sensor chips were untreated so no analyte binding 
was observed. 1,2,7,15  
In this study, we will hyphenate SEC separations with microring resonator chips 
that have been functionalized with antibody capture agents. This means that we will 
separate antibody samples by size via SEC before flowing across our functionalized chips 
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where we will get affinity response from the microring resonators. Similar approaches 
have been used with surface plasmon resonance (SPR) in-line with various separations. 
SPR is another optical technique that monitors binding events. However, unlike the 
microring resonator platform SPR lacks the ability for multiplexing which means only one 
biomolecular interaction can be screened at a time.16–26 To our knowledge this is the first 




 IgG and IgA captures were purchased from R&D Systems (Minneapolis, MN), both 
of which recombinant monoclonal antibodies purified from human serum. The IgM 
capture, specifically AffiniPure Goat Anti-Human IgM (which is specific for Fc5μ 
fragment), was purchased from Jackson Immuno Research Laboratories, Inc. (West 
Grove, PA). IgG, IgA, and IgM samples from human serum were purchased from Millipore 
Sigma (St. Louis, MO), samples were prepared in phosphate buffered saline at various 
concentrations. Phosphate buffered saline (PBS) was reconstituted as directed from 
powder packets purchased from Millipore Sigma (St. Louis, MO) to obtain a 1X PBS 




The microring resonator system (Maverick M1 optical scanning instrumentation) 
and sensor array chips were purchased from Genalyte, Inc. (San Diego, CA), detailed 
descriptions of sensor fabrication and instrument operation have been described 
elsewhere.27 In overview, the microring resonators are ring shaped optical cavities 30 µm 
in diameter with adjacent linear waveguides. Light from an external tunable cavity diode 
laser centered at 1550 nm propagates down the waveguide individually probing each 
microring. Optical transmission is monitored as a function of wavelength and dips in 
transmittance signal are observed at resonant wavelengths (𝜆+),	defined by the following 




  Eq. 1 
Here r is the ring radius, neff is the effective refractive index, and m is a constant. As 
changes in neff are observed, such as analyte elution or binding, there is a shift in the 𝜆+, 
which is measured and referred as the relative shift in delta picometers (Δpm). These 
changes in the 𝜆+ corresponded to changes in the neff and are monitored as a function of 
time.1,15,28 
Each sensor chip is 4 x 6 mm silicon-on-insulator (SOI) wafer which has a SiO2 
surface that is highly chemically resistant. The microring resonator chip consists of an 
array of 128 individual microring resonators.15 Prior to microring resonator 
functionalization, the protective photoresist coating is removed by immersing chips in 
acetone. The microring resonator functionalization protocol is discussed in the next 
section.  
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Microring Resonator Functionalization 
Microring resonator chips were first rinsed in acetone to remove a protective 
coating, this was followed by silanization in a 1% APTES solution and rinses in both 
acetone and isopropyl alcohol. Sensor chips were then rinsed with deionized water and 
dried under nitrogen. A crosslinking reagent, consisting of 2 mM acetic acid and 5 mM 
BS3 crosslinker, was then manually spotted onto the chip clusters comprised of 4 
individual microrings. This was followed by the manual spotting of immunoglobulin 
solutions of 0.25 mg/mL in 10 mM PBS and 5% glycerol. Multiple clusters were spotted 
with each capture for repetitive measurements, additionally different captures were 
spotted with spatial considerations made. Functionalization was concluded with 
incubation in a humidity chamber and coating with DryCoat before being stored in a 
desiccator at 4°C.11 
HPLC 
Size exclusion chromatographic separations were performed on a Waters Alliance 
e2695 separation module (Milford, MA) furnished with a Waters 2489 UV/Visible (UV/vis) 
Detector. The column used was an GE SuperdexTM 200 Increase 3.2/300 (Marlborough, 
MA), with dimensions of 3.2 mm × 300mm and a bed volume of 2.4 mL. The column was 
kept at ambient temperature and maintained a flow rate was 0.075 mL/min of 0.01 M PBS 
(pH 7.4) + 0.05% sodium azide. UV/vis wavelength was 280 nm and sample temperature 
was kept at 5 °C. 
SEC-Microring Resonator Interface 
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The microring resonator assembly consists of an anodized aluminum cartridge 
holder, Mylar gasket and flow cell lid. Sandwiched between the holder an gasket is the 
freshly functionalized sensor chip. This whole assembly, which is analogous to a detector 
flow cell, was interfaced to the HPLC via the following connections. The HPLC outlet was 
connected to a 0.25 mm flangeless 1/4−28 and then to a ZDV 10−32 PEEK low pressure 
union. The PEEK union adapted the HPLC fittings to the microring resonator cartridge. 
The same interface HPLC-microring resonator interface has been discussed 
previously.1,2,15 The experimental set-up is presented in Figure 7-2. 
Data Analysis 
Data analysis was carried out using custom software written in R (version 3.4.1). 
Briefly, raw microring resonator chromatograms typically show an averaged response 
from 4-10 microrings. The averaged signal intensity is plotted as a function of time (Figure 
7-3A). The raw data undergoes a first derivative transformation using Origin (Figure 7-
3B) and these traces are further smoothed using a Savitzky–Golay filter (Figure 7-3C). 
2.2.3. Results and Discussion 
SEC-Microring Resonator Binding Chromatograms 
 SEC separations of 10µL injections of 10 µg/mL immunoglobulin solutions utilizing 
the SEC- microring resonator interface were performed, with the resulting chromatograms 
shown in Figure 7-3. Here the raw chromatogram traces are presented in Figure 7-3A 
and the first derivative transformed traces are presented in Figure 7-3B-C. The different 
shapes of the binding profiles observed here are a result of the different binding kinetics 
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of the three different antibodies. Additionally, here a specific response is observed without 
any cross-reactivity. This binding chromatogram response was investigated further in 
Figure 7-4, looking at the reproducibility of these interactions. Here repetitive SEC 
separations of 6 µL injections of 0.25 mg/mL immunoglobulin solutions were performed, 
again utilizing the SEC-microring resonator interface with a different sensor chip each 
time. The multiple binding chromatograms are all plotted on the same axis shown in 
Figure 7-4A, the error bars here are the spread in the measurements made on each chip. 
Visual inspection of these binding traces show very reproducible binding profiles, this is 
further verified by the small range in the binding maximums when converting the 
chromatograms to box plots shown in Figure 7-4B.  
SEC-Microring Resonator Bulk RI Chromatograms 
 The bulk microring resonator signal is dependent on the refractive index contrast 
between the mobile phase and the analyte. This means that when the RI difference is 
small sensitivity will suffer which is visualized in Figure 7-5. Figure 7-5A shows the bulk 
RI detection of SEC separations of 10 µL injections of 0.25 mg/mL immunoglobulin 
solution, here no immunoglobulin peak is observed. A peak for IgM is observed once 
injected concentration is significantly increased to 1.0 mg/mL, seen by the first peak in in 
Figure 7-5B. The second peak here, also observed in Figure 7-5A, in an unknown 
unbinding sample component possibly a sugar. As a reference dRI data was collected in 
a separate experiment shown in Figure 7-5C-D, here a larger injection volume (10 µL of 
0.25 mg/mL) and higher flow rate (0.1 mL/min) were used due to detector flow cell 
requirements. Figure 7-5C shows the full dRI chromatogram and Figure 7-5D zooms in 
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on the small immunoglobulin peaks. These dRI chromatograms further show that RI 
detection of the immunoglobulins is challenged by small RI differences between the 
analyte and mobile phase, which supports the results seen with bulk microring resonators 
detection. This data is presented here to show that by having molecular captures at the 
microring resonator surface a significant signal enhancement is observed. 
Comparison of HPLC Assay and Conventional Flow Assay 
 Conventionally assays with the microring resonators are performed in flow by 
stand-alone operation of the microring resonators. Such use of the microring resonators 
is presented in Figure 7-6A, here a concentration of 100 µg/mL were allowed to flow over 
the functionalized sensor chip for 5 minutes. Much like in the SEC assay, specific 
responses were observed between target-capture pairs and no cross-reactivity was 
observed. The biggest difference observed by comparing to the SEC assay traces 
presented in Figure 7-6B is the shape of the binding profile. This is especially evident by 
looking at Figure 7-6C-D which shows the binding profiles of IgA and IgM superimposed 
on the same axis. Comparable binding and kinetics is mostly observed with IgM (Figure 
7-6D) however, whereas the SEC assay of IgA seems to have slower kinetics in 
comparison to the conventional flow assay which is mostly attributed to experimental 
differences (i.e. continuous flow of dilute IgA solution versus small concentrated injection 
of IgA) (Figure 7-6C).  
Investigation Into Concertation Response 
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SEC separations of 10 µg/mL immunoglobulin solutions utilizing the SEC-
microring resonator interface were performed this time varying the injection volume, as 
shown in Figure 7-7. Looking at the raw binding chromatograms (Figure 7-7A) it is 
observed that the binding shift increases with increasing mass injected, this is observed 
in peak form after the first derivative transformation presented in Figure 7-7B. The first 
derivative of the raw data is directly comparable to the UV/vis chromatogram shown in 
Figure 7-7C.  
2.2.4. Conclusion 
This preliminary work presented here explores the robustness of SEC hyphenated 
with multiplexed microring resonator senor chips to perform SEC assays. The chosen 
system successfully demonstrated specific antibody interactions without cross-reactivity, 
representing an important step for more complex analyses yet to come. Future work will 
demonstrate the utility of having an assay type experiment in-line with separations. This 
will be done by analyzing mixtures potentially of a biological matrix to infer sample 
component affinity, which is not data typically obtained from a traditional HPLC detector. 
Additionally, more quantitative analysis will be performed by quantifying mixture 
component abundance by using binding response and concertation calibrations of the 
microring resonator platform. Upon completion, this work along with other completed work 







































Figure 7-1: Microring Resonator Performance at Nanoliter Flow Rates. Here the 
microring resonators where interfaced with syringe pumps to deliver flow at a 500 nL/min, 
(A) shows a solvent step from water to acetonitrile and (B) shows flow injections of 






Figure 7-2: Hyphenation of Size Exclusion Chromatography with Antibody Capture 





Figure 7-3: SEC-Microring Resonator Binding Chromatograms. Various 
immunoglobulins prepared at 10 µg/mL in phosphate buffered saline were separated by 
SEC with a 0.075 mL/min flow rate of 0.01M phosphate buffered saline. A. Raw binding 
chromatograms of a 10µL injection. B. First derivative transformation of the raw binding 





Figure 7-4: SEC-Microring Resonator Binding Chromatogram Reproducibility from Chip to Chip. 
A. Raw binding chromatograms obtained from three different chips with error bars showing ring 
spread from a single chip. B. Plots the range of the max shifts observed across three different 



































Figure 7-5: Bulk RI Response from the Microring Resonators and Detection by dRI. 
A. Raw SEC chromatograms of 10 µL injections of 0.25 mg/mL immunoglobulin solutions 
(separation performed at 0.075 mL/min flow rate of 0.01M phosphate buffered saline) . B. 
Raw SEC chromatograms of 10 µL injections of 1.0 mg/mL immunoglobulin solutions 
(separation performed at 0.075 mL/min flow rate of 0.01M phosphate buffered saline). C. 
Differential refractive index chromatogram of 10 µL injections of 0.25 mg/mL 
immunoglobulin solutions (separation performed at 0.1 mL/min flow rate of 0.01M 






Figure 7-6: Comparison of SEC Assay and Conventional Flow Assay. A. 
Conventional flow assay of 100 µg/mL immunoglobulin solutions. B. Raw SEC 
chromatograms of 10 µL injections of 10 µg/mL immunoglobulin solutions (separation 
performed at 0.075 mL/min flow rate of 0.01M phosphate buffered saline). C. Overlapping 
binding profiles for IgA from the two different assay types. D. Overlapping binding profiles 












































Figure 7-7: Concentration Response with increasing Injection Volume. A. Raw SEC 
chromatograms of 10 µg/mL IgG injected at varied volumes (1-10 µL). B. First derivative 
transformation of raw binding chromatograms. C. In-line UV/vis chromatograms 
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